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Annotation:

Superconducting cavity resonators are suffering from detuning effects caused by high internal
electromagnetic fields (Lorentz force detuning). For classical resonators working with
continuous wave signals, this detuning is static and compensated by the slow mechanical
tuning system. However, pulsing of superconducting cavities, an operational mode only
recently considered, results in dynamic detuning effects. New ways to handle this effect have
to be found and worked out.

A way to supply several superconducting cavities in the particle accelerator by one large
transmitter while keeping the possibility of controlling the field in each individual cavity is
shown. By introducing a fast phase and amplitude modulator into each cavity feeder line, the
individual deviations of each cavity with respect to the average can be compensated in order
to equalize their behaviour for the main control loop, which will compensate the global
detuning of all cavities.

Several types of phase and amplitude modulators suitable for high power RF application, as
well as different types of the fast variable phase-shifters for use in the modulator are analysed.
The results of the work are foreseen to be applied in the field of particle accelerators but are
certainly also interesting for other high power RF domains e.g. tuning devices for industrial
microwave heating, plasma applications or nuclear fusion reactors.



I would like to give my sincere thanks

To my CERN supervisor Joachim Tickmantel for his excellent guidance in the field of
accelerator RF technology and the very valuable ideas that he proposed during my
doctoral studies at CERN

To my university supervisor Peter Hajach for the excellent management of all
university related issues during my doctoral studies

To my friend Oliver Holme for his kindness and patience with the language
consultations and corrections

To Carsten Weil and the AFT company for valuable consultations and collaboration
during the development of the phase-shifter devices

To all members of the AB-RF group who have helped me with my work



Contents

I [ g1 T [N Tox (o] o ISR P TP PR PSPPSR 1
2. Particle accelerator teChNOIOQY ........c.coiiiiiiiiie s 3
3. Accelerator related RF SYSIEMS.......ccuiiieiiiieiiese e s ste e ee et sae e e e e e neeeneenns 6
3.1 A resonant circuit as an accelerating StruUCtUIE..........cocueveereeiieiie e 6
3.2 Ferrite loaded accelerating CaVItieS .........cceiveriiiriiieieee e 9
3.3 Electromagnetic resonator as an accelerating StruCture ...........ccocceevevveevveresieseennnns 10
3.4 The rectangular reSONAaNt CAVILY .........cceiveriiiiieiiieie e sre et sre s 10
3.5 The cylindrical reSONANT CAVILY ......cveiiiiieiiiiesie e 14
3.6 Excitation Of the CaVIty reSONALOIS..........cuiiririeieieriesie s 16
3.7 “R/Q” ...a figure of merit for the cavity resonators.............cccevververesiiesieesesie e 18

4. Current state of the ProbIemM ..o e 21
4.1 Operation of superconducting cavities in pulsed MOde ...........ccocevvieieiiienincnne 21
4.2 Small perturbation thEOY.........c.ooveii e 23
4.3 Cavity shape and volume perturbations, Slater’s theorem.............cccccevveveiiieieennne 24
4.4 Accelerator RF SysStem tOPOIOGIES ........ocveiuiiieiiiiiiiese e 27
4.5 Proposal of the RF system of the SPL accelerator............ccocvvveivenviiesienese e 29
4.6 A transmission controlling device — the phase and amplitude modulator ................. 30
5. Detailed objectives fOr this WOIK ...........ccuiiiiiiiiiieee e 33
6. Phase and amplitude MOTUIALOIS...........coviiiiiiiii e 35
6.1 Definition Of COMPONENTS.........coiiiiee e 35
6.1.1 Quadrature (90°) YDA ......cooiiiieiieee e 35
6.1.2 The 180° NYDIId.......ccviieieieee e 37
6.1.3 Phase ShITIEIS.....cuiieiiiiecee s 38

8. 1.4 LOAUS ...ttt ettt bbb b e b r e ne s 39

6.2. Phase and amplitude modulator using a single 3dB hybrid ..........c.ccccocoiiiiinnnnnne. 40
6.2.1 Modulator with single Magic Tee working with an arbitrary load..................... 40
6.2.2 Modulator with a single Magic Tee working with a matched load..................... 42
6.2.3 Operation of the modulator With @1=Mz ......cccoeiieriiiiiiie e 44

6.2.4 Modulator with a single quadrature hybrid working into an arbitrary load........ 44



6.2.5 Modulator with a single quadrature hybrid working with matched load............ 46

6.2.6 Operation of the modulator With @1=Mz ......cccoevveiiiiiiiise e 47
6.3. Phase and amplitude modulator using two 3dB hybrids...........ccccceoeiininiiniinnnnns 48
6.3.1 Modulator with two Magic Tees working into an arbitrary load........................ 49
6.3.2 Modulator with two quadrature hybrids working into an arbitrary load............. 51
6.4 Transmission controlling capabilities ...........ccccveiiiiiiieiiie e 52
6.5 Summary of the analysed MOdUIALOrS ..o 54
. High frequency and microwave phase shifting devices............cccooevviieiieniv s, 56
7.1 Introduction to the phase-shifters and basiC terms..........cccoocveiiniiienc e, 56
7.2 Ferrite Phase-SNITIEIS ........ooi i 58
. Coaxial ferrite phase-shifter working above ferrite’s gyromagnetic resonance.............. 63
8.1 Strip tranSMISSION TINES ......ooviiiiiiciie e et 63
8.2 Impedance of the general transmiSSION 1IN .........ccoeiiiiiiiiiiie e 64
8.3 Impedance of the ideal strip-line transmission lNe............ccccccvevieevenceveere e 65
8.4 Impedance of the shielded strip-line (rectangular coaxial 1ine)............cccccecevvveinennnnn 66
8.5 Impedance of the ferrite loaded Strip-1iNe ..........ccoooiiiiiiiiii s 67
8.6 Externally controlled, variable impedance ferrite loaded strip-line............c.cc.coovne. 69
8.7 Reflection coefficient of the shorted line connected to an unmatched port —
coaxial phase-Shifter tYPe ONE.........coveii i 74
8.7.1 Definition Of the terMS ........ooiiiie e 74
8.7.2 Analysis of the shorted line connected to an unmatched port...........ccccocvvvnenne. 76
8.7.3 Influence of the transmission line impedance and length on the A .................. 79
8.7.4. Influence of the port impedance on the A@ .........coovvvviiieiei 80
8.7.5 Influence of the frequeNCy t0 the A@.......cccovriiiiiiiiiiie s 81
8.7.6 Voltage distribution along the phase-shifting structure .............c.cccocveveniiniennns 82
8.8 Reflection coefficient of the two serially connected transmission lines with an
unmatched port — coaxial phase-shifter type tWo .........cccccvevviie i 84
8.9 Ferrite loaded transmission line in the transmission mode — coaxial phase-shifter
187 8L L0 £ TSP PUTRRPRR 88
8.9.1 Impedance mismatch of the transmission type phase-shifter...........cc.ccocvvvenne. 89
8.10 Thermal load of the phase-shifting StrUCIUIe ..........ccccovevieieiieieee e 91
. Phase tuning speed, the CERN high power, fast ferrite phase-shifter................cccce.e..... 94
9.1 Phase tUNING SPEE .....c.viieiiiiiieieei et bbbt 94
9.2 Power requirements for phase tUNING........c.cooevveieeieieese e 98

9.3 Technical specifications of the CERN fast ferrite phase-shifter............cccccccoeeneene. 100



10. First results with the phase and amplitude modulator that has been built ................... 103

11. Conclusions and outcomes from the dissertation thesis...........ccccovvviviiiniinnenienenns 104
12, RETEIBINCES ...ttt bbbt ettt bbb ne s 111
N 0] 01T g0 LSRR SPOPURR i
A. The ferrite material Parameters .........ccooveiveii i ii
B. Calculated transmission line parameters for the ferrite loaded line..............ccccoveienee iv
C. The rectangular reSONANT CAVILY........ccoueiiriiiiieiie et viii
D. The cylindrical reSONaNt CAVILY .........ccoivrieierieieiisiisisee e X
E. Photos of the phase-shifter that has been built ............cccocoe i Xiv
F. Photos of the phase and power modulator that has been built................c.cccoooeeenen, XVi

G. Measured transmission controlling capabilitieS...........cccooviriiiiinnience e Xviii



Used symbols

b}

QD

0 W T ™ ™ Q

Er

EX! Eyl EZ

Forward propagation

Backward (reflected) propagation

Acceleration scalar (m.s?)

Transmission line dimension (m)

Acceleration vector (m.s?)

Attenuation constant (Np/m)

Relativistic factor (v/c)

Phase constant (rad/m)

Transmission line dimension (m)

Vector of the magnetic induction (T)

Scalar value of the magnetic induction (T)*

Propagation constant for the m,n,p mode

Capacity (F)

Distributed capacity of the transmission line (F/m)

Speed of light (m.s™)

Distance (m), or waveguide mode index

Differential phase-shift (°)

Vector of the intensity of the electric field (V/m)

Symbol of the electron

Permittivity (F.m™)

Magnitude of the electric field vector (\V/m)

Relative permittivity (F.m™)

Components of the electric field vector (rect. coordinate system) (V/m)
Reflection coefficient of the reflective type of phase-shifter (-)
Transmission coefficient of the transmission type of phase-shifter (-)

Magnitude of the reflection/transmission coefficient @ (-)

= When working with lower field inductions, unit Tesla becomes uncomfortable. Hence the older unit
Gauss is often used in the industry. 1 T = 10.000 Gauss



Fe
Fo
Fm
FM

1:mnp

Phase of the reflection/transmission coefficient @ (°)
Electric component of the Lorentz force (N)

Vector of the Lorenz force (N)

Magnetic component of the Lorentz force (N)

Figure of merit for the phase-shifter devices (°/dB)
Frequency (Hz)

Resonant frequency of the m,n,p-th mode (Hz)
Voltage reflection coefficient (-)

Magnitude of the voltage reflection coefficient I" (-)
Distributed conductance of the transmission line (S/m)
Phase of the voltage reflection coefficient I (°)
Strip-line center conductor height (m)

DC biasing field (A/m)

Gyromagnetic resonance DC biasing field (A/m)
Unity vectors

Instantaneous current (A)

Wave number

Thermal conductivity of the ferrite material (W.m™.K™)
Off-diagonal component of permeability tensor [u]
Length (m)

Length (m)

Inductance (H)

Distributed inductance of the transmission line (H/m)
Wavelength (m);

Wavelength in the vacuum (m)

Mass (kg)

The mode indexes in the cavity resonator

Quiescent mass (kg)

Permeability (H.m™)

Real component of permeability
Imaginary component of permeability

Diagonal component of permeability tensor [u]
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Scalar effective permeability

Relative permeability

Electromagnetic pressure (N.m)

Momentum vector (kg.m.s™)

Losses in the cavity walls (W)

Charge of the particle (C)

Source term in the equation governing energy balance (W.m)
Quality factor of the resonant circuit (general)
Initial unloaded quality of the resonant circuit
Quality factor determined only by an external load of resonant circuit
Quality factor of the loaded resonant circuit
Radius (m)

Resistance (Ohm)

Distributed resistance of the transmission line (Ohm/m)
Coordinates in the cylindric coordinate system
Cavity geometry parameter

RF surface resistance of the conductor

Shunt resistance of parallel resonant circuit (Ohm)
Ij-th component of the scattering matrix
Conductivity of the material (S.m™)

Normalized ferrite biasing field (-)

Time (S)

Angle (°)

Energy (J)

Velocity scalar (m.s™)

Instantaneous voltage (V)

Velocity vector (m.s™)

Voltage (V)

Volume (m®)

Voltage of the forward wave (V)

Voltage of the reflected wave (V)

Strip line central conductor width (m)

Angular frequency (rad.s™)



Resonant angular frequency (rad.s™)

®o

X Reactance (Ohm)

Z Complex impedance (Ohm)

Zo, ZINe Characteristic impedance of the transmission line (Ohm)

\% Hamilton operator V = a% + % + %
Abbreviations

Cavity Electromagnetic cavity resonator used in particle accelerator

CERN European Laboratory for Nuclear Research

CLIC Compact Linear Collider

CW Continuous wave

DP Differential phase-shift

EM Electromagnetic

HOM Higher Order Mode

HV High voltage

LEP Large Electron Positron Collider

LHC Large Hardron Collider

Linac Linear accelerator

MT Magic Tee

QH Quadrature hybrid

RF Radio frequency

SC Superconducting

SPL Superconducting Proton Linac

TCD Transmission Controlling Device

TE Transverse Electric

™ Transverse Magnetic



Introduction

The field of particle accelerator technology has evolved remarkably over the years.
Nowadays, in order to explore the deep structure of matter, more and more powerful
machines have to be built. In fact, modern particle accelerators are among the biggest
scientific instruments in the whole world. The field of accelerator technology draws
knowledge and expertise from a wide range of scientific disciplines. These include
mathematics, physics, electronics, computing, magnet technology, microwave technology,
cryogenics, special materials, mechanical engineering and civil engineering, to name just a

few.

RF and microwave technology is a crucial part of the particle accelerator, because the
acceleration itself and a lot of other operations on the particle beam are carried out using RF
fields. The present work is dedicated to the high power microwave technology used for
particle acceleration. As an introduction to particle accelerator technology there is a summary
of the fundamentals of microwave technology used in particle accelerators with focus on the
microwave cavity resonators. Techniques to determine the fields inside cavities are given and
a method to calculate the change in resonant frequency caused by a mechanical deformation

of the cavity is shown.

A brief introduction to the properties and behavior of superconducting cavities is given,
focusing on the Lorentz force detuning phenomenon and operation of the superconducting

cavity in pulsed mode.

Nevertheless, the problem of pulsing of superconducting cavities is relatively recent and we

enter a new field.

The aim of this work — especially for needs of the new linear accelerator, SPL, being studied
at CERN - is to study the possibility of operating multiple superconducting cavities driven by

a single transmitter, while maintaining the possibility of individual field control in each




High CW power, phase and amplitude modulator realized with fast ferrite phase-shifters

cavity. A proposal for a device, the phase and amplitude modulator?, which will allow such
operation is given. Several possible topologies of the modulator are mathematically analysed.
A mathematical analysis of different types of fast phase-shifters, part of the modulator, is

given.

Lastly, one design of the phase and amplitude modulator was chosen and built in

collaboration with industry. The first measured results using this device are presented.

1 Sometimes also called “The transmission controlling device”, TCD




Particle accelerator technology

High energy physics research focuses on the fundamental particles and forces in the universe.
These particles are the leptons, like the electron and muon, and the quarks from which the
strongly interacting particles are composed (such as the protons and neutrons). Today, there
are estimated to be around 10 000 particle accelerators in the world. Over half of them are
used in medicine and only a few for fundamental research. For the fundamental research,
extremely high collision energies are required to get enough resolution to study the
interactions between the particles. Since these scientific particle accelerators and detectors are
complex and very expensive devices, experiments are usually performed at the level of

national or more commonly international laboratories [1].
Some of the world’s biggest accelerator laboratories are:

- CERN - European Organisation for Nuclear Research, Switzerland [2]
- DESY - Deutsches Elektronen-Synchrotron, Germany [3]

- Fermilab — Fermi National Accelerator Laboratory, USA [4]

- SLAC - Stanford Linear Accelerator Center, USA [5]

- KEK - High Energy Accelerator Research Organization, Japan [6]

Example applications of accelerator technology:
Lower energies

Medical treatment e.g. cancer therapy

Medical imaging e.g. Positron Emission Tomography (PET)
Synchrotron radiation sources (geology, chemistry etc.)
Mass spectrometry

Semiconductor industry

Basic material research

Surface treatment

O O 0O 0o 0O o o o

Sterilization
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0 Nuclear waste disposal
High energies
o Fundamental research on the structure of matter

For high energy physics experiments, a variety of particles with a very wide spread of
energies are required. For the experiments to study new particle generation, lighter particles
such as electrons or protons are used. The result of the collisions of these particles is the
creation of new particles. These are observed in the particle detectors and further analyzed at
a later date by the physicists. In a collision of an energetic particle with a static particle
energy is lost in the kinetic energy of the created particles (due to the momentum
conservation). Therefore the latest generation of high-energy machines are so-called colliders,
where two counter-rotating particles are interacting. In most cases both particles have the

Same mass.

In the CERN’s former largest accelerator LEP (Large Electron-Positron Collider), electrons
and their antiparticles positrons were collided. These particles have the same mass, but
inverse electric charge. This allowed the same beam tube and bending dipole magnets to be
used for both beams. A similar configuration for protons and anti-protons was used in the
SppS machine (CERN) and Tevatron machine (Fermilab, USA).

Electrons and positrons are true elementary particles (until further notice) and their collisions
are pure without debris of the target particles. However, electrons are light particles and in a
circular machine emit synchrotron radiation [7]. Energy loss due to synchrotron radiation was
the final limitation to the maximal achievable energy in the LEP machine. Therefore CERN’s
new machine, LHC (Large Hadron Collider), will use protons, allowing much higher energies
reusing the same underground tunnel. The maximal achievable energy will now be limited by

the bending magnetic field provided by the superconducting dipole magnets [8].

In the SppS antiprotons were used as the second beam in the same beam pipe. Nevertheless
the number of collisions (so called integrated luminosity) was limited by the production rate
of antiprotons. Therefore in the LHC both beams are protons. This requires a double beam

pipe (vacuum chambers) with opposite magnetic fields and dedicated crossing regions.

Protons are not elementary, but composed of smaller particles. Therefore at each collision a
proton does not collide with a proton, but one constituent of one with one constituent of the

other. These collisions create a large number of particles in which the desired reaction is
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hidden. Therefore a very large number of collisions have to be recorded for statistically

significant signals asking for very high luminosity.

On the other hand, for experiments studying the nuclear reactions, heavier particles and ions

at lower energies are usually used.

By RF fields, it is only possible to accelerate the electrically charged particles. Most common

particles used for high energy experiments and their basic properties are listed in the Table

2.1.
Particle Erl]:g;g Mass (kg) | Mass (MeV/c?)
electron -1 9.10 x 10! 0.511
positron +1 0.10 x 10" 0.511
proton +1 1.673 x 10% 938
anti-proton -1 1.673 x 107%’ 938
heavy ions very wide variety of ions

* relative to elementary charge of 1.602 x 10" ¢C

Table 2.1: Types of particles used in the high energy experiments




Accelerator related RF systems

In this chapter a brief introduction to particle accelerator related RF systems is
given. A brief review of the parallel resonant circuit as a model for the basic
accelerating structure is followed by its realisation for lower frequencies (ferrite
loaded cavities) and higher frequencies (microwave cavity resonators). The
excitation methods of cavity resonators are listed and basic quantities like quality
factor or R/Q of the cavity resonators are introduced.

3.1 Aresonant circuit as an accelerating structure

Because a large part of this work is directly related to the resonant circuits and later to
superconducting resonators a brief summary from the linear circuit theory [13] will be useful.
Assume a R-L-C structure as shown in Fig. 3.1. L represents the inductance (a lumped
element, or its distributed equivalent in the cavity resonator), C represents the capacity (again
a lumped element, or its distributed equivalent in the cavity resonator) and R represents the
losses in the circuit (non-perfect inductor or capacitor, or the wall losses of the cavity

resonator).

Fig. 3.1: The parallel resonant circuit

Now using the well known formulas 3.1a and 3.1b

X = joL (3.1a)
1

Xe =—— 3.1b

c ToC (3.1b)

we can write for the impedance of the resonant circuit:
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1
Z|N = T 1 (3.2)
—+—+]joC
R joL

Resonance occurs at the frequency o where both of the reactive components have same

magnitude and are compensating each other.

An important parameter specifying frequency selectivity and performance of the resonant
circuit is the quality factor Q. A very general definition of the Q factor, applicable to all

resonant systems is 3.3

Total stored energy at resonant frequency

Q=2n — _ : (3.3)
Energy dissipated at one period of this frequency
In the case of the parallel resonant circuit, the formula 3.3 becomes
Q=wRC = R (3.4)
oL

In the vicinity of resonance (at the angular frequency of ®=wp+Aw), and using the

approximation 3.5 the input impedance can be expressed in the more convenient form 3.6.

;zi(l_ﬂJ (35)

og+A® oy 0Q
1 1
Z\N = = 3.6
We1,o1 e 1 1 (, Ao (89
t—+JoL  — 4 jo,C + JAwC + - 1-—
R JoL R j(00|_ (O}
Since at the resonance jm00+% =0, we obtain:
jo
®3RL R
ZIN=—5— = v (3.7)
ool +J2RA0 14 joQ =2

g

A plot of Z,y as a function of A/ wq is given in Fig. 3.2. This represents a typical resonance
curve. The peak value of the impedance corresponds to the value of the loss resistor and when

the |Zy| falls to 1/42 of its maximum, its phase is +45° (below the resonance) or —45°
(above the resonance) respectively. Later, the phase of Zy is used to measure the tune state of

the cavity resonator.
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The two 1/4/2 R (or —3dB) points define the circuit bandwidth. Using 3.7 the corresponding

value of A® can be found.

- %
Aw = 20 (3.8)

The fractional bandwidth between the 1/4/2 R points is double this value. Hence for the

quality of the resonant circuit we can write

W W
__® _ ® 3.9
Q=530 BW (39)
R
0.707R
+90°
|Zin|
+45°
f foee It
BW Ph(Z,) 90°

Fig. 3.2: Typical resonance curve

All previous calculations and formulas are valid only for the “stand-alone” resonant circuit.
The Q factor obtained from 3.4 is then called the “unloaded Q”, Qo. When such a circuit is
coupled with some external circuit, a part of the energy is absorbed there. This additional
loading effect is represented by an additional resistor R, connected in parallel with the “main”
loss resistor R. As the total loading resistance of the resonant circuit is lower, the Q factor
will be lower as well. The new factor, the “loaded Q” is defined as
RRL
_ R+R

QL oL

(3.10)

An additional Q factor — the external Qgxrt — is defined to be the Q if the resonant circuit is

lossless and only the loading by the external load is present (R=0).

R

QexT =—= (3.11)
ol

When using these definitions we can write:
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1 1 1

— +—
QL Qext Qo

The Qexr is usually used when talking about superconducting resonators, when Qg of the

(3.12)

resonator is very high (easily more than 10%), and Q of such a system is essentially determined

by the coupling factor to the driver.

3.2 Ferrite loaded accelerating cavities

In the smaller accelerators, where the RF frequency is relatively low (from ones to few tens of
megahertz), the resonant circuits are formed out of lumped elements. Two parallel plates in
the vacuum chamber form the capacitor. The inductor is usually an external lumped element.
In order to maintain high performance and a high Q resonant circuit, it must be a high quality

and high linearity type.

In the case of non-relativistic particle acceleration (velocity is still increasing during the
acceleration), the frequency of the accelerating field must be adapted to the revolution
frequency of the beam. This brings about a requirement for a tunable resonant circuit. Since
capacitor plates are a fixed part of the vacuum chamber, the only convenient way to change
the resonant frequency of the accelerating resonator by significant amounts is to tune its
inductance.

Vacuum Tuning Loops D% Tunling i il
Chamber Ferrites 7 turns upply
\ / (2 Gms ) i _[th

Gap Voltage

Monitoring
0verP|V-|VL T React PWR.

RF Voltage q Rool PHR

Prot. "“I_j, -

% Q) Program

Grid
Tuning

Driver
200W 50dB

Fig. 3.3: Ferrite loaded cavity — the low frequency accelerating structure

One example of a practically realized system is shown in Fig. 3.3 [14]. The operating

frequency of this particular system is from 1.9 to 3.9MHz and a quality factor of the resonator
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90-190. With RF power of 20kW, a nominal gap voltage of 10kV can be achieved. The ferrite

tuning currents have values up to 2800A.

3.3 Electromagnetic resonator as an accelerating structure

When the particles become relativistic, their speed is very close to the speed of light, and
increases only little with energy. Then the frequency of the accelerating field becomes
practically constant. Resonators operating at constant frequency are easier to build and they
can be optimized to obtain very high values of the Q-factor. Operating frequency is usually
lying in the range of 50MHz to 3000MHz, where classical cavity resonators become
reasonable in dimensions to build.

A cavity can be considered as a volume enclosed by the conducting surface, within which an
electromagnetic field can be excited [37]. The finite conductivity walls cause the power losses
and thus are equivalent to the parallel loss resistance. The field in the cavity can be excited by
means of probes (E fields), loops (H fields), or might be coupled to a waveguides or other
cavities using apertures in the wall (see chapter 3.6). The next paragraphs provide a brief
introduction to the cavity issues, such as the field solutions, the coupling techniques and some

useful techniques.

3.4 The rectangular resonant cavity

The field solutions are derived from waveguide theory [38]. Assume a rectangular cavity of
width a, height b and length d shown in Fig. 3.4. It might be considered as a section of the
rectangular waveguide short-circuited at the positions z=0 and z=d. Since both TE and TM
modes exist in the rectangular waveguide, we can expect the TE and TM modes in the
rectangular resonator as well. However, the designation of TM and TE modes in the resonator
IS not unique, because we are free to choose X, y or z as the direction of propagation (there is
no unique longitudinal direction of propagation). For example a TE mode with respect to the
z axis could be a TM mode with respect to the y axis. For the purpose the z axis is chosen as

a reference to the direction of propagation.

In contrast to the waveguide, the existence of the conducting walls at z=0 and z=d positions
cause multiple reflections and builds a standing wave inside the structure. To describe the
field inside the resonator a three-symbol subscript in form of “mnp” for the TE and TM

modes is needed.

10
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il
X

Fig. 3.4: Rectangular resonant cavity (the coordinate system)

Calculation of the field components can be done by various mathematical techniques, and can
be found easily in the literature (e.g. [15]). The field components of the resonant modes are

listed in the Appendix C.

Resonators for particle acceleration purposes are designed such, to operate at the lowest order
mode possible. In the case when only the fundamental TM;10 mode is excited in the cavity
(see Fig. 3.5), and the beam is passing the cavity through its electrical center (x=a/2 and

y=b/2; in an ideal case it is also the geometric center), the fields seen by the beam are:

E,(a/2,b/2,2) =E, (3.13)
Hy(a/2,b/2,2) =0 (3.14)
Hy(@/2,b/2,2) =0 (3.15)

As we can see from the 3.13, 3.14 and 3.15, the beam is only accelerated by the electric field
and its trajectory is not changed by any of the magnetic or electric fields. However, this is not
valid for the higher order modes (HOM) anymore. The electric and magnetic field
components are not zero in the center of the cavity so higher order modes disturb the beam

and can lead to beam instabilities.

—E
—H
X

&
N

7
particles

Fig. 3.5: Acceleration of the beam by the rectangular cavity, TM110 mode

The shape of the resonant cavities is optimized to shift the frequencies of the higher order
modes as far as possible from the beam spectral lines. To prevent building up the high HOM
fields inside the cavity, HOM dampers are used [39]. HOM dampers are realised by
sophisticated types of E or H field couplers, to couple as much HOM power as possible, but

not to couple to the fundamental mode.

11
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Photographs of the 50MHz, (almost) rectangular cavity, built in the Paul Scherrer Institut
(PSI, Switzerland) are shown in Fig. 3.6. The cavities are normal conducting, tuned to the
resonant frequency of 50.1MHz, nominal input power of 500kW produces an accelerating

gradient of 1IMV. The Q factor obtained by the copper version is about 45.000.
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Fig. 3.6: 50MHz normal conducting cavity (courtesy of PSI Switzerland)

Quiality of the rectangular resonator

As it was mentioned in section 3.1, the general formula 3.3 is valid for any resonant structure,
therefore the calculation of the resonator quality factor is straight forward [40]. Let the time-
average stored energy at resonance be U, and the energy dissipated at one period of the
resonant frequency be P.. Further calculation will be done with respect to the fundamental
mode TMjo.

12
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The stored energy in the electric field of the resonator is:

Ue =2 [[fEfav== [fflE.['av (3.16)
resonator resonator
volume volume

and for the stored energy in the magnetic field:

O =20 ([ av =22 17 (el o]y v (3.17)
4 resonator 4 resonator
volume volume

At resonance, the total stored energy is U=Uu=UEg. To find the total losses, dielectric losses in
the resonator are neglected (cavity is under high vacuum) and losses caused by the finite
conductivity of the cavity walls are evaluated. For small losses, the surface currents are

essentially those associated with the loss-free field solutions, so we can write:

1 1

PL= § SPsfRods= § ZJH[Rsds (318)
walls walls
surface surface

General formula for the quality factor calculation is:

_ (Dou

QPL

(3.19)

By plugging the results of the 3.16 (or 3.17) and 3.18 in general formula 3.19, the quality

factor for any mode can be calculated.

Rs in (3.18) is the surface resistance of the wall conductor as function of frequency due to the
skin depth:

R = ’Tff Hconductor (3.20)
Oconductor

Usual values of the Q factor of the cavity resonators are in the order of tens of thousands for

the normal conducting resonators, and of the orders of 10° for the superconducting resonators.
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3.5 The cylindrical resonant cavity

In the same way, as we have constructed the rectangular cavity out of the rectangular
waveguide the cylindrical cavity can be constructed out of a cylindrical waveguide. The ends
of the cylindrical waveguide are shorted by conductive plates at positions z=0 and z=d. All
principles explained in the section about the rectangular cavity are applicable for the

cylindrical cavity as well.

Ay /‘Z
r 7 v

‘ﬁ «  2a — s

d

Fig. 3.7: Cylindrical resonant cavity (the coordinate system)

More detailed description of the cavity resonant modes is given the Appendix D. The TMoo
mode has very favorable properties for the particle acceleration purposes. Consequently in
accelerators this mode is nearly exclusively used. In a pure pill-box cavity? there are only two

field components of the TMo10 mode inside the cavity [41]:

E, = E0J0[2'405 rj (3.21)
Eq . (2.405

Hy =—]—J r 3.22

o JZO 1( ) j (3.22)

A cavity with rounded shape has an E; component in the TMyo like mode. Since mode
number 1=0, the resonant frequency is independent of the longitudinal dimensions of the
resonant cavity. It is not possible to tune such a cylindrical resonator by changing its length®.
A cavity operating with the TMy0 mode can be tuned by introducing an obstacle into the
cavity (small conductive or dielectric entity). This technique is called small perturbation

theory (see section 4.3).

2 pijll-box cavity name for the exact cylindrically shaped cavity (rectangular longitudinal cross-
section).

% Real cylindrical accelerating cavities do not have a rectangular pill-box cross-section, but are
rounded. Resonant frequency is then sensitive to the longitudinal dimension of the cavity.
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Fig. 3.8: Acceleration in the cylindrical cavity
Quality of the cylindric cavity resonator

The quality of the cylindrical resonator can be calculated in the same way as for the
rectangular resonator. Comparison of the quality factors for different modes is in figure D.2.

An example of its value for the TMg1o mode inside the vacuum filled cavity is given by the

formula 3.23.
Zo Po1
<=0 MOl 3.23
QTMmo 2R, 1+a ( )
d

The quality factor of the standard normal conducting copper resonators, operating below
1GHz is in range of 10.000-50.000 [42].

A photo of the 352MHz, four cell, superconducting cavity used in the CERN’s LEP II
accelerator is shown in Fig. 3.9. With 125kW of input power, an accelerating voltage of
10MV was achieved. A photo of the one cell of the 30GHz normal conducting, cavity, which

will be used in the future CLIC accelerator in CERN is shown in Fig. 3.10.

B
=N

Fig. 3.9: The LEP superconducting cavity Fig. 3.10: The CLIC normal conducting cavity
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3.6 Excitation of the cavity resonators

There are several methods for coupling the cavity to the external circuits. The coupling
structure must excite the electric and/or magnetic component of the desired resonant mode.

Four types of excitations are common:

a. Magnetic (current) loops
b. Electric field probes — antennas
c. Coupling apertures

d. Excitation by a beam of charged particles

Example of structures a,b and c are shown in Fig. 3.11.

Resonator Resonator Resonator
Coaxial Coaxial Waveguide
Iine:} line —/—————, (\\
B Loop Antenna Aperture

Fig. 3.11: Cavity excitation structures
Magnetic loop coupling

A loop coupling is used when the magnetic component of the resonant mode has to be excited
[43]. A current flowing in the conductive loop generates the magnetic field perpendicular to
the loop area. The loop then couples to all possible modes, which have a magnetic field
component crossing the loop and are fulfilling the resonant conditions (frequency etc.). The
excitation may be optimized to excite the mode with maximal efficiency — then the loop must
be placed in the maximum of magnetic field of the desired mode. Excitation might be chosen
in such a way to exclude coupling to a family of particular modes. This is achieved when the
loop is placed parallel to the magnetic field of modes to be excluded. This principle is used
for the higher order modes couplers in the particle accelerator cavities. HOM couplers are
optimized to couple as much to the HOMs as possible, while keeping coupling to the main

resonant mode as low as possible.
Electric field coupling

An antenna, looking into the cavity, is coupling to all modes which have electric field at the

coupler location. As with the magnetic coupling, maximum excitation can be achieved if the
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antenna is located in the maximum of the electric field of the desired mode. Modes having

electric field zeroes at the probe location will not be excited.

Loop and antenna couplers are used mainly to couple to coaxial or strip-line transmission
lines [17].

Aperture coupling

The cavity might be coupled to the source by slots, irises, or any arbitrary openings in the
cavity walls [44]. Aperture coupling is mainly used to couple the cavity to waveguide
transmission lines, or to other cavities. The fields in the cavity and in the transmission line
must have the same direction. For calculation of the coupling coefficient, small apertures may
be described in terms of their equivalent electric or magnetic dipoles. The positioning of the

openings again allows excitation of selected modes inside the cavity.
Beam of charged particles

Charged particles traveling inside a closed metallic structure — as beam pipe, or cavity — carry
a corresponding image charge on the surrounding metallic structure with them. Therefore all
diameter changes of the beam pipe (e.g. as a cavity) deviate the image current which in turn,
excite electromagnetic fields. These can be expressed as excited modes. The coupling
between the particle beam and the cavity is used in electron tubes to amplify or generate the

powerful microwave signals e.g. like in klystrons or magnetrons [18].

Generally, for high-power applications where a fixed position of the coupler is sufficient, it is
simpler to use loop couplers. For the applications where a modification of coupling strength is
necessary, the electric field antenna couplers are more convenient to use. Also if the magnetic
field is comparatively low — as on the cut-off tubes of superconducting cavities — antenna
couplers are preferred. An example of the tunable antenna coupler for CERN'’s
superconducting LHC cavities is shown in figure 0.14. Its operating frequency is 400.8MHz,
forward power of 300kW, coupling is variable to achieve Qe in range from 20.000 to
200.000 [45].
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Fig. 3.12: The CERN’s LHC superconducting cavity coupler (courtesy of CERN)

3.7 *R/Q” ...afigure of merit for the cavity resonators

Resonant cavities, used in the particle accelerator technology are optimized to achieve a high
accelerating voltage while keeping wall losses P, at the lowest possible level. Therefore a
first figure of merit was defined to characterize the cavity performance — the so-called shunt

impedance R¢*

2
1V
g=—— (3.24)
2 P
Since Py is proportional to the square of the excitation voltage, the shunt impedance Rs is
independent of the field inside the cavity. However, when changing the cavity material a

geometrically identical cavity will have different losses P, .

Together with the quality factor Q of any resonator, defined as

4 Historically the factor 1/2 was not included but to be better consistent with the circuit theory, the
definition was changed and this factor is generally included nowadays. However, older publications or
conservative authors may still apply the initial definition.
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3.25
Q L (3.25)
the ratio of Ry and Q defines a new figure of merit (R/Q), pronounced “R over Q”.
2 2
RlziV 1V (3.26)
Q) 2P Q 2wUg

(R/Q) which is independent of the cavity material, is determined by the pure cavity geometry.
This constant is very important in a more general context as shown later. (R/Q) can be
calculated by computer simulation programs as MAFIA [19] or SUPERFISH [20]. These
programs calculate a field map for a selected mode and from it determine the accelerating

voltage and the stored energy in the cavity.

Once the calculated value of (R/Q) is known, it is the key to determine the accelerating
voltage in the real cavity (measurements on built system). The Q-value of the cavity can be
determined from measured bandwidth of the normal conducting cavities or of the decay time
for the superconducting cavities. It is important to consider the influence of the coupler in this
context and correct for its contribution. The Q value can also be calculated (as shown in
chapter 3.4) if the conductivity of the cavity material is reasonably well known (which is not
the case for superconducting cavities). Then a measurement of the power dissipated in the
cavity (e.g. difference of incident and reflected RF power) results in the knowledge of the

cavity voltage.

Even more important is the role of (R/Q) as the coupling constant between the cavity and the
beam. These relations can be determined using energy conservation. If a charge q is passing
through the cavity at optimum RF phase, it is accelerated and takes the energy AU from the
cavity, which lowers its voltage by AV. Due to the superposition of fields, this can also be
seen as an induced decelerating voltage —AV by the charge passing through. The charge is
accelerated by the cavity voltage V but sees also the unknown fraction o of its own induced

decelerating voltage. The charge then gains the energy
AUgharge =0 (V -0t AV) (3.27)

Transforming the definition of (R/Q) we have

V2

1
Ua=5
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and hence the energy lost from the cavity can be expressed by

1V2-(V-AV) 12VAV-AV?

A= oRI9 2 oRIQ (3.29)
The total energy must be conserved, so both AU’s must be equal yielding
(V—%AV)AV —qo(R/Q)(V-aAV) (3.30)
This relation has to be valid for any V and AV which can only be true if
a=i (3.31a)
and AV=qo(R/Q) (3.31Db)

This means that a charge passing a cavity feels half of its own induced voltage (first stated by
P. Wilson [21]) and the induced voltage by a passing charge is given by (3.31b). A

comparison of different cavity shapes with their respective R/Q’s is given in Table 3.1.

N £ - L f\.

7z N ) ) -\/-
R/Q higher middle lower
R, highest middle lowest

Table 3.1: Comparison of cavity geometries
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Current state of the problem

Chapter 4 gives an introduction to the problem of the detuning of a
superconducting resonator due to its internal electromagnetic fields, using the
small perturbation theory and Slater’s theorem. It introduces the problems related
with the pulsed operation of the SC cavities. The basic topologies of accelerator
RF systems are shown and characterised with respect to the planned SPL
accelerator. The transmission controlling device is proposed as a potential
solution to compensate the detuning effect, maintaining control of the field in
each individual cavity while keeping the cost of the whole system reasonable.

4.1 Operation of superconducting cavities in pulsed mode

In the past, when normal conducting copper cavities were used exclusively, the effects of the
internal electromagnetic forces were negligible. Copper cavities are usually built out of a
massive block of copper with rather thick walls [46]. The use of superconductors for building
resonant cavities caused a change in the cavity technology. Compared to the classical copper
cavities, superconducting cavities can have — today several ten times — higher CW field levels
and have considerably lower RF losses, even when taking into account that these losses are
dissipate at cryogenic temperatures. Therefore they were used in the machines in CW mode as
in storage rings (e.g. CERN’s LEP [27]) or constant beam machines (e.g. Jefferson Lab’s
CEBAF [28]).

Pulsed linacs® were the exclusive domain of copper cavities where even higher field levels

were obtained but only for very short pulses (micro seconds) and at very low duty cycles [47].

As the superconducting technology progressed, obtained field levels in these cavities make
the construction of a superconducting linac competitive to copper one. Field levels are still
lower than for pulsed copper cavities but superconducting cavities can reach these fields at

much lower frequency with correspondingly larger cavities.

3 Linac — Linear accelerator
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This considerably reduces the problems of transversal wake-fields (causing the beam break-
up) and machine alignment. TESLA [29] is the first such machine, but it is not approved yet.
However, the high field levels increase also the cryogenic losses considerably (losses are
rising more than with square of the field). Therefore it is envisaged to run this machine not at
100% duty-cycle but in a slow pulsed mode. Beam pulses of a few milliseconds with a
repetition rate of about ten of Hertz, are giving the cryogenic supply enough time to
compensate the average thermal loss. Other machines tend to follow the same way, e.g. the
SPL [30] at CERN.

Superconducting cavities are built from a few millimetres thick metal sheet [48] for better
heat transfer between the superconducting RF surface and the liquid helium (LHe). In the case
of the bulk niobium cavities, the walls of the cavity are thin also for cost reasons [49].
Therefore these cavities are much softer than classical copper cavities generally made out of
solid metal blocks. Hence they are much more sensitive to the Lorentz force detuning®.
Furthermore, since the system bandwidth of the superconducting cavities is generally smaller
in comparison to pulsed copper cavities, the effect of the same absolute detuning appears as a
larger change in phase and amplitude of the cavity field. Therefore the Lorentz detuning
phenomenon has been studied intensively at many laboratories, especially those of the
TESLA collaboration [50]. An example of cavity detuning when driven by the pulsed RF

signal is shown in Fig. 4.1.

Using Slater’s theorem (see section 4.3), which gives the change in frequency due to small
perturbation in the cavity shape, and the mechanical parameters of the cavity, the sensitivity
to the mechanical stresses can be determined. In order to realize a stable accelerating field,

both the stiffness of the cavity and the proper RF control system are needed.

& Lorentz force detuning — mechanical deformation of the cavity shape caused by its internal
electromagnetic fields
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Fig. 4.1: Dynamic detuning of the cavity, when driven by pulsed RF signal (KEK Japan)

4.2 Small perturbation theory

The resonant frequency of the cavity can be varied over a small range by inserting a small
perturbing object into a cavity. In some cases, the effect of such perturbation on the cavity
performance can be calculated exactly, but often in real cases some level of approximations

must be used. One useful technique for doing this is called the small perturbation theory.

Detailed mathematical analysis of the problem can be found in the literature (e.g. [13], [16]).
To show the principle, only the initial assumptions and the final results are shown. The small
perturbation theory is assuming, that electromagnetic fields inside the cavity with the small

disturbing object inserted are not very different from fields without it.

Assume Ep and Hy to be original fields inside the cavity and E and H to be fields of the

perturbed cavity. Then Maxwell’s equations for the unperturbed cavity are
VxEq =—joguHg (4.1)
VxHg = jogeEg (4.2)
And for the perturbed cavity:
VxE =—jo(u+Au)H (4.3)

VxH= jm(a+Aa)E (4.4)
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where wy is the resonant frequency of the original cavity and o is the resonant frequency of

the perturbed cavity (see Fig. 4.2).

Original cavity Perturbed cavity
E, H,
& U
(00’ VO
Perturbing
object

Fig. 4.2: Quantities in the unperturbed and perturbed cavity

Then following the calculations and simplifications in [15] we obtain:

~ [ AefEof” + AulHof ) av
®—0q 1 vV

el (4.5)
© 2 (ol +ulHof ) av
\%
Since outside of the perturbing object Ae and Ap is zero, we can rewrite 4.5 as:
- [ (elEof’ + AulHof* Jav
®— g zi Vobject (4.6)

© 2 [(dEof +ufHof | av
V

which proves, that any increase of € or u in the cavity yields to a lowering of the cavity’s

resonant frequency.

Applications of the small perturbation theory are fine cavity tuning, measurement of the
electric or magnetic field distribution inside the cavity, or measurement of the permittivity or
permeability of the objects inserted into a cavity. If the object inserted is lossy, then by the
change of resonator Q factor, the loss factor of the inserted dielectric or magnetic material can

be determined.

4.3 Cavity shape and volume perturbations, Slater’s theorem

Another type of cavity perturbation is mechanical deformation of the cavity’s boundaries.

This can be caused for example by the outside pressure, but also by the electromagnetic
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forces from the inside of the cavity. Following the cavity volume variations the resonant
frequency is changing as well. A theory worked out by Slater [22], analyses the detuning
caused by the boundary changes.

Let us start with the calculation of the electromagnetic stress on the conducting boundary (see

Fig. 4.3). The force density of the electromagnetic field is given by Lorentz’s formula:
f=pE+jxB (4.7)

By calculations, shown step by step in [23], we will obtain the electromagnetic pressure on

the surface oriented perpendicularly to the x direction (see Fig. 4.3):
1
Px,general :E 8O(E2 _2E>2<)+ lle(H2 _2H>2<)] (4.8)

where E2 = E)Z( +E§,+E§ is the magnitude of the E vector, and E)Z; is magnitude of its x

component.
Observed
surface.. J<—
..... D —
P EM wave
<_
H
Xe—m

Fig. 4.3: Pressure of the electromagnetic wave on the suface

For example if a travelling wave is hitting an absorber (flat, perpendicular to the wave
propagation direction), components Ex=0 and H,=0. From 4.8 we obtain the well known

radiation pressure on the absorber wall:

1( 2 2
Px,absorbed wave =E(80E +uoH ) (4.9)

When using general formula 4.8 for the standing wave, components E=E, and Hy=0, and we

obtain:
1 2 2)
Px,standing wave = E(MOH —gokE (4.10)

Since P is proportional to the square of the fields (Pinstantaneous ~ COS2(et)), the cavity surface
cannot follow this pressure and feels only the time averaged action. Therefore when using H

and E as peak values, both components must be multiplied by a factor of 1/2.
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1

2 2
<Px,stan ding Wave> = Z(HOHpk _SOEpk) (4.11)

As we can see, forces caused by the electric fields are oriented inwards (as with the attracting
plates of a plate capacitor), so the cavity wall will be pulled-in. Since the maximum of the
electric field is in the region of iris, maximal inward deformation will take place there as well.
In contrast, the maximum of the magnetic field is around the cavity equator, yielding highest
outward deformation there — see Fig. 4.4. Effect of cavity detuning by its internal fields is

called Lorentz force detuning [24].

Repulsive

magnetic
forces

Deformed shape—" volume

change

Attractive (not to scale)~y.

................. electric -
forces

Original shape—

Fig. 4.4: Cavity deformation due to the internal electromagnetic forces

Now, using principles of momentum conservation and the adiabatic invariance we are able to
calculate the shift in resonant frequency caused by the wall deformation. Let us assume the

excited cavity is resonating with one mode at frequency ® and with energy stored in the

cavity U.
Cavity EM pressure
wall =
N ~E2
Small _.—g —
deformation —
i\
Xe"

Fig. 4.5: Small deformation of the cavity wall

Now by slow small inward displacement of the cavity wall (Fig. 4.5) we are doing work on
the excited mode [25] [26]:

SU = j PdS&E (4.12)

where P is the electromagnetic field pressure at the wall (see formula 4.10), dSo&&is

characterising the amount of the deformation.
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As we apply the displacement && we are perturbing a harmonic oscillator. In case of slow

changes, we have an adiabatic invariant:

8(2] =0 (4.13)

o

Adiabatic invariance determines the shift in mode frequency due to the perturbation of the
boundary — Slater’s theorem:

o 1oU 1 ( 2 2)

— == = [(ugH* —ggE* J8V 4.14

—=>0 " apl%o 0 (4.14)
The integral extends over the volume excluded from the cavity by the perturbation. Pushing
inwards onto the cavity wall where E is dominant performs negative work — lowers the
energy, and therefore the frequency (note: pushing inwards means lowering the volume, so
dV is negative). Pushing inwards where the H field is dominant requires work to be done,

hence it raises the energy and therefore the frequency.

Unfortunately, formulas 4.11 and 4.14 have the same dependence on E and H, hence the
cavity frequency will always be in any case only lowered. It is not possible to build a cavity

where the Lorentz force effects will compensate each other.

4.4 Accelerator RF system topologies

To accelerate charged particles, an RF system is used. As was described earlier, such a system
consists of the RF power amplifiers, accelerating cavities and the control and feedback
system. The number of accelerating structures depends on the accelerator size. The way in
which these structures (cavities) are supplied with the RF power will be described in this
section.

Y&ll

The topology “one Kklystron per cavity”” is shown in Fig. 4.6. Each accelerating cavity is
equipped by its power amplifier, circulator and control system. This topology offers full
control of the field in each individual cavity, but requires a complete set of relatively
expensive components for each cavity. The RF system of the CEBAF accelerator [73] is an
example of such a topology. To supply the 320 superconducting cavities, it uses 320 klystrons

6kW/1.5GHz, one per cavity.

T In general it is valid for any transmitter, or amplifier. However at power levels discussed in this
work, exclusively klystrons are used.
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Reference o
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CTRL CTRL CTRL CTRL
Kly #1 Kly #2 Kly #n-1 Kly #n
Circ #1 Circ #2 Circ #n-1 Circ #n

YYYY YYYL /YY1 YYY
(\MN [UWAN MM [N

Cavity #1 Cavity #2 Cavity #n-1 Cavity #n

Fig. 4.6: One cavity per klystron configuration (Kly — klystron, Circ — circulator, CTRL —
controller and feedback system)

The topology “multiple cavities per klystron” is shown in Fig. 4.7. One more powerful
transmitter supplies many accelerating cavities using power splitters. In accelerators, usually
4, 8 or 16 cavities per transmitter are used. This choice is more economical, because the price
of the transmitters is not rising proportionally to the output power, and the number of
expensive components can be reduced. However, such a system does not allow individual
control of the field in each cavity and only the overall sum of voltages from each cavity can
be stabilized by the feedback system. So, if by any perturbation, the tune state of any cavity is
changed, the voltage and phase of the cavity field will change and will not be controlled

anymore.

Such a topology was used, for example, in the former LEP2 storage ring, where one 1MW
klystron was feeding eight superconducting cavities [31]. The LEP2 RF system was operated
in continuous mode and problems related to the cavity dynamics (detuning, low frequency

vibrations etc.) were compensated by relatively slow tuners (bandwidth ~100Hz) [32].
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Reference
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Fig. 4.7: Multiple cavities per klystron configuration (in this case 4)

4.5 Proposal of the RF system of the SPL accelerator

SPL - the Superconducting Proton Linac [30] - is a linear accelerator proposal being studied
at CERN. It should deliver an H™ beam? with an energy of 2.2 GeV and a beam power of 4
MW. To use most of the superconducting RF cavities and RF systems available after the
decommissioning of the LEP collider, it was planned to operate at 352 MHz and to deliver
10" protons per second, in 2.2 ms bursts with a repetition rate of 50 Hz. In conjunction with
an accumulator and a compressor, it is designed to be the proton driver of a neutrino factory
at CERN. At an early stage, it will upgrade the performance of the CERN’s PS complex by
replacing the Linac2 and the PS Booster. Some parameters of the RF subsystems planned for

the SPL accelerator are given in the Table 4.1.

8 Negatively charged hydrogen ions (H") instead of protons (H") are accelerated, charge exchange
injected into a following synchrotron, to minimize the injection losses
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Input | Output | Number | Peak RF [ Number | Number
. Length
Section energy | energy of power of of (m)
(MeV) | (MeV) | cavities [ (MW) [Klystrons| tetrodes
Source, LEBT — 0.045 — — — — 3
RF quadrupoles 1 0.045 3 1 0.4 1 - 3
Chopperline 3 3 5 0.3 - 5 6
RF quadrupoles 2 3 7 1 0.5 1 - 4
DTL 7 120 100 8.7 11 - 78
Superconducting 120 | 1080 | 122 | 106 12 74 | 334
cavities — reduced
Superconducting 1080 | 2200 | 108 | 123 | 18 - | 345
cavities — ex LEP
Debunching 2200 2200 8 — 1 — 26
Total 345 32.8 44 79 799

Table 4.1: Parameters of the SPL’s RF installations

4.6 A transmission controlling device —the phase and amplitude modulator

For the SPL accelerator, a pulsed operation of the RF system is foreseen. Each cavity with its
ancillary equipment is also a mechanical resonator and the Lorentz forces linked to the pulsed
RF fields will excite the mechanical modes of this object. The excited amplitudes may
become large when a multiple of the pulsing frequency is close to a mechanical resonance. A
vector-sum will add the voltages from all the cavities fed by one klystron, resulting in a signal
which is equivalent to what the beam sees from this group of cavities. This signal is fed back
to the klystron to stabilise the total field. If there is more than one cavity connected to a
Klystron, the system is not completely defined. The vector-sum feedback stabilises only the
sum of the voltage, but not the voltage in each individual cavity. For low excitation the
practically identical cavities behave identically and the cavity voltages are equally distributed
between the cavities. But as discovered by numerical simulations [33], above a certain
threshold, this is not the case anymore. The cavities can behave differently, some delivering
more voltage, some less. A mathematical analysis [34] showed that this is a real effect and not
a simulation artefact. To avoid this problem, a control for each individual cavity voltage is
necessary. A solution keeping a common large power source with power splitters was

proposed in [35].

If a fast phase and amplitude modulator, to be inserted into each cavity feeder line, can be
built at reasonable cost, it could provide the necessary individual cavity control capabilities
(see Fig. 4.8).
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Fig. 4.8: Use of transmission controlling devices as proposed by H. Frischholz [35]

To keep the cavity field constant, we need a device capable of independently changing both
the phase and amplitude of the cavity incident wave. A simple phase modulator represents
only one degree of freedom — changing the phase of the wave. By combining two phase
modulators using one or more RF hybrids, both phase and amplitude of the incident wave can
be controlled. The fast phase and amplitude modulator, or “Transmission Controlling Device
(TCD)” must be able to compensate individual deviations of each cavity to equalize their
behaviour with respect to the RF reference signal. In the proposed configuration the local
controller of each TCD compares the phase and amplitude of the field in each cavity with the
reference signal, and tries to set its transmission such that it compensates the individual
deviations from the RF reference set value [36].

Since the Lorentz force detuning phenomenon is related to mechanical oscillations of the
cavity RF wise it is a relatively slow process. The mechanical mode with the strongest

detuning effect in the LEP cavities is around 100Hz. The higher mechanical modes have
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amplitudes less and less disturbing to the RF performance of the cavity. The modes above

1kHz are considered to be negligible.

The Lorentz force is not the only source of detuning and disturbances. Since the cavity is
surrounded by liquid helium, it is also sensitive to pressure changes caused by compressor
pulsing, bubbles in the liquid or cryogenic regulation variations for example. Mechanical
noises propagating on the beam pipes, cavity supports or waveguides are also influencing the

cavity.

The practical realization of the phase and amplitude modulator might be done in several ways.
Nevertheless due to the very high RF power levels (both peak and r.m.s.), only a limited
choice of devices is available. In chapter 6, various configurations of the phase and power
modulators are proposed and mathematically analysed. In chapter 8, different types of

structures that can be used as phase-shifters within these modulators are analysed.
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Detailed objectives for this work

The presented work concerns the domain of high power microwave technology related to
particle accelerators, theoretical considerations and final proposals for the realisation of a
corresponding device. The results are foreseen to be applied in the field of particle
accelerators but are certainly also interesting for other high power RF domains e.g. tuning

devices for industrial microwave heating, plasma applications or nuclear fusion reactors.

To introduce the initial problem, the fundamentals of particle acceleration and particular
cavity resonators were defined. In particular a cost-effective scheme of supplying many
cavities by one powerful transmitter was shown. The Lorentz force detuning effect was
demonstrated. For classical accelerators, working with CW signals, this detuning is static and
compensated by the tuning system. The proposed SPL accelerator will use superconducting
cavities in the pulsed mode. However, the pulsed operation of the superconducting cavities, as
only recently considered, results in dynamic detuning effects. When considering the possible
enhancement by cavity mechanical resonances, it can no longer be compensated by the
classical, mechanical slow cavity tuning system. New ways of handling this problem have to

be found.

A cost-effective way to supply several cavities by one transmitter while keeping possibility of
controlling the field in each individual cavity is by introducing a fast phase and amplitude
modulator — also called a “Transmission controlling device” — into each cavity feeder line.
This device is capable simultaneously of controlling the phase and amplitude of the passing

wave.

In this way the modulator will compensate the individual deviations of each cavity in order to
equalize their behaviour for the main control loop, which will compensate the average

detuning of whole system [36].

Nevertheless, the problem of pulsing superconducting cavities is relatively new and there is

not yet a lot of practical experience in the field world-wide. In order to study the behaviour of
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such systems and to build working pulsed superconducting linacs, the following points have
to be further studied:

1.

Analysis of the requirements for the phase and amplitude modulator

a.
b.

Determination of the necessary phase and amplitude tuning range

Determination of the necessary tuning frequency (speed)

Analysis and detailed study of the transmission controlling device

a
b.
C.
d.

Different circuit topologies, number of hybrids, types of hybrids

Different types of phase-shifters, transmission type, reflection type
Determination of the necessary phase tuning range

Detailed study of its behaviour when working with the matched or fully

reflecting load

Analysis and development of the high power, fast ferrite phase-shifters to be used

in the transmission controlling device

a.

e o o

Study of the different topologies — reflective type of phase-shifter,
transmission type of phase-shifter

Compatibility with very high power RF signals

Coherence with industry manufacturing capabilities

Optimization of the structure to achieve a good RF performance

Attenuation, phase-shift range, RF leakage out of the phase-shifters
Optimization of the structure to achieve high tuning speeds with reasonable

tuning power

Study of the system integration

a.
b.

C.

Analysis of the control needs
Precision of the obtained results

Exactness of the transfer function for any working condition
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Phase and amplitude modulators

To compensate the Lorenz force detuning of the SC cavities, the fast phase and
amplitude modulators have to be inserted into each cavity feeder line. A practical
realization of the transmission controlling device might be done in several ways.
Nevertheless the very high RF power levels (both peak and r.m.s.) limit the choice
of devices that can be used. In this chapter, different possible configurations will
be analyzed.

6.1 Definition of components

6.1.1 Quadrature (90°) hybrid

Quadrature hybrids are 3dB directional couplers with a 90° phase difference in the outputs of

the through and coupled arms.

[[€)

@) /@
— —

90° 0°
L

Fig. 6.1: Quadrature hybrid

This type of hybrid may be realized in waveguide form (Fig. 6.2) or made in micro-strip or

strip-line form (Fig. 6.4).

The waveguide version shown in Fig. 6.3 — the Riblet short-slot coupler — consists of two
waveguides with a common sidewall. Coupling takes place in the centre where part of the
wall is absent. In this region, both the TE;o (even) and TE2, (odd) modes are excited. When
properly designed, they cancel at the isolated port, and add up at the coupled port. The width
of the interaction region must be reduced to prevent propagation of the undesired TE3, mode.
This type of coupler can usually be smaller than other waveguide couplers [68].
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Fig. 6.2: Riblet short-slot waveguide coupler

A special development on waveguide 3dB hybrids has been done by Nantista and Fowkes in
the Stanford Linear Accelerator Centre [69]. The design of the Next Linear Collider [71]
requires powering of the high-gradient accelerating structures of the main linacs with 11.424
GHz X-band Kklystrons through a pulse compression and a power distribution system [72]. The
pulsed RF signals will be combined, split or directed at peak power levels reaching 600 MW

using novel waveguide hybrids (see Fig. 6.3) capable of handling very high power levels.

w4 +[=v

-2 , o3]-»

o

Fig. 6.3: Waveguide quadrature hybrids for the multi hundred-megawatt RF system

The micro-strip, or strip-line type of the coupler (Fig. 6.4) is known as a branch line hybrid.
The branch line hybrid has a high degree of symmetry — any port may be used as an input
port. When properly designed, it is able to handle a high RF power, which is necessary for the

SPL’s RF system application.

1 2
S Z/\N2 =p
Z, Z,
4 3
Z,/\2 =
M4

Fig. 6.4: Strip-line version — The Branch line hybrid

Operation of the quadrature hybrid is fully described by its scattering matrix:

Si1 S22 %13 Suis 0
Sop = Sp1 Sy Spz Spa|_ 11
QH™1S3 Sz Ss3 Saa| 21
Sa1 Sa2 Saz Sua 0

(6.1)

R O Ow—.
—_ O O
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When all ports are matched, the power entering port 1 is equally split towards ports 2 and 3

with a 90° phase difference. No power is coupled to the port 4.

6.1.2 The 180° hybrid

The 180° hybrid junction is a four-port network, with a 180° phase shift between the two
outputs (A). It also can be operated with outputs in phase (X) — see Fig. 6.5.

T

@ /N |3
— —

0° 180°
[a@)

Fig. 6.5: The 180° hybrid

This type of hybrid may also be realised in waveguide form — the Magic Tee, or made in

micro-strip or strip-line form — the ring (rat-race) hybrid.

Fig. 6.6: Magic Tee — the waveguide version of 180° hybrid

The waveguide hybrid junction — known as Magic Tee — is shown in Fig. 6.6. When a TEj,
mode is incident to port 1, the electric field has an even symmetry about the mid-plane and
hence cannot excite the TE;o mode in arm 4. It is equally split in phase towards ports 2 and 3.
There is no coupling between port 1 and 4. The coupling from port 4 to ports 2 and 3 is equal

in magnitude, but 180° out of phase. There is again no coupling from ports 4 to 1.

A strip-line version of the hybrid is shown in Fig. 6.7. A wave incident to port 1 is equally
split into two waves travelling around the ring. The wave arrives in phase to ports 2 and 3,
and out of phase to port 4. Ports 1 and 4 are uncoupled, since the path coupling these ports
differs by A/2.
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M4
Fig. 6.7: Strip-line version of the 180° ring hybrid — the rat-race structure

Operation of the 180° hybrid is again fully described by its scattering matrix:

St S12 S13 Suise . 0 1 1 0

Sp1 Sp2 Sz Sy 1 0 0 1
S = =— 6.2
MT=1S31 S Szz S| 42 é (1) _01 ‘01 (62)

Sa1 Sap Sz Sua

6.1.3 Phase shifters
As discussed in chapter 7, there are two different types of phase-shifter available:

- single port — reflective type of phase-shifter
- two port — transmission type of phase-shifter

V’r Su

= |1

v
Fig. 6.8: Reflective type of phase-shifter

The reflective type of phase-shifter, is described by the equation:
V+

where F is amplitude of the reflection coefficient and ¢ is the phase of reflection coefficient.

*1@2%'
—
- +
1 VZ

Fig. 6.9: Transmission type of phase-shifter

For lossless phase shifters F=1.

1<

<

The reciprocal, transmission type of phase-shifter will be described by equations:

S11=522=0 (6.5)
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O =22 _perio (6.6)
Vi

o = A _peio (6.7)
Vs

considering the forward (+) and reflected (-) wave propagation. F is the amplitude of the
transmission coefficient and ¢ is the phase of the transmission coefficient. For lossless phase
shifters F=1.

6.1.4 Loads

Fig. 6.10: General RF load

The RF load (Fig. 6.10) is described by its voltage reflection coefficient:

where G is the magnitude of the voltage reflection coefficient of the load and y its phase.
Without beam, a superconducting cavity reflects all power back to the generator with an
arbitrary phase. Depending on the tuning frequency with beam, the load will become partly a
source and the voltage induced by the beam might even be higher than the generator voltage.
The connected devices must be able to handle this situation. We will not consider the

influence of the beam in this context.

The RF dummy loads are used with the hybrids. Earlier, water filled loads were used but
water as an absorbing medium induces several difficulties. For example, the need of leak tight
waveguide/coaxial windows, the risk of flooding the waveguide structure with water and the
high variation of the RF parameters (mainly the reflected phase) with temperature. Hence in
the present systems, the dry ferrite loads are preferred as they do not suffer from any of these

problems.
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6.2. Phase and amplitude modulator using a single 3dB hybrid

The simplest configuration of the phase and amplitude modulator uses a single hybrid and two

reflection type phase-shifters.

Two cases with different types of hybrids and the possibility of operation in different working

modes are analysed.

6.2.1 Modulator with single Magic Tee working with an arbitrary load

Generator (Input)

AR VA

(1)

¢ . : ¢,

V ° ° V
|@ =3 @ 2/ |3) @I
II <« — | M4 II
V V

- 0° \/180°

2 3

v Tl ve
Load (Output)

Ly L

Fig. 6.11: Phase and amplitude modulator using single Magic Tee

Voltages of the waves in the structure are defined as:

Vi =V5® =V; Re ™ (6.9)
VE = V5 @, = V5 Fpe f027m) (6.10)
V{=V;T=V;Ge (6.11)

Where all voltages, ®;, ®, and G are phasors of corresponding quantities. Using the

scattering matrix of the Magic Tee (6.2), we get:

Vi 0 1 1 0 Vi
Vol 111 0 0 11 Vod
vi| V2|1 0 0 -lliy-g 612
3 0 1 -1 0] 372
A V,T

Yielding the final system of equations to describe the behaviour of the structure:

40



High CW power, amplitude and phase modulator realized with fast ferrite phase-shifters

2V =V; @)+ V5 @,
2V =V +V, T
2 1 4

(6.13abcd)
J2V5 =\ -V, T
J2Vy =V @) - V3 @,
These equations are solved by:
Vl_ :Vf_ q)l+q)2 —2®1®2F
2-T(Dg+Dy)
v B
- +
. @1 - 2 (6.14abcd)
Vs =Viff2——1
2-T(Dg+Dy)
Vy =V ®1 P
2-T(®y+Dy)
The solution for V, (6.14d) gives an expression for the forward load voltage:
Vy =V D1 = Dy (6.15)

L 2-(0,+®,)

As expected, the output voltage depends on the load voltage reflection coefficient T for a
mismatched load. (6.15) might even diverge when the denominator would approach zero. Ina
real system, this can cause a RF breakdown.

The @4, @, and I" may all have the magnitude of 1. If ®;, ®, will have the same argument,
which is opposite to the argument of I", the denominator becomes zero. But for equal ®; and
@, the numerator also becomes zero, preventing divergence. To calculate the limit condition,

we assume a small, possibly complex number € and express @, as:

(I)2 = (Dl (1—8) (616)
Then we get:
_ ()
Vy =V —— 1 6.17
4 Ty (2-¢) (6.47)

Since @; and I" have opposite arguments and both magnitude 1, we have ®1.I'=1 and hence:

V=V @ (6.18a)
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Since F1 has magnitude 1, (6.18a) results in

Vi (6.18b)

il

This means, that even in extreme conditions the output voltage will not be larger than the
input voltage of the device. Nevertheless, since the output voltage of the modulator is
dependent on the reflections from its load, the phase-shifters and the control system must be
fast enough to compensate these changes, otherwise the amplitude and phase modulator will

not work properly.

6.2.2 Modulator with a single Magic Tee working with a matched load

Adding a (small) circulator in the load feeder line ensures the modulator sees only a matched

load, i.e. I'=0 as shown in Fig. 6.12.

AR A

T(1)

¢,

N ¢,
H— @

0°\/180°
A(4)

T\v;:o
Circulator

Cavity

Fig. 6.12: Phase and amplitude modulator with single Magic Tee and the circulator

The transfer function (6.15), assuming loss less phase-shifters will then reduce to:

V4T B (Dl_(DZ B e_J(pl +e_J(P2

6.19
VR > (6.19)
The argument of the transfer function — the phase modulation will be:
Argl Y4 |- 01" @ (6.20)
i 2

The magnitude of the transfer function — the amplitude modulation will be:
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Mag V4 — 1+COS(([)1 B (PZ) (621)
+
Vi 2

Results from formula (6.20) are plotted in Fig. 6.13 and results from formula (6.21) are

plotted in Fig. 6.14.
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Fig. 6.13: Phase modulation by the phase and amplitude modulator
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Fig. 6.14: Amplitude modulation by the phase and amplitude modulator
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6.2.3 Operation of the modulator with 1=,

If the phase-shifts of the phase-shifters are kept equal (p1=¢@2=¢), the modulator will behave
as a transmission type phase-shifter. This can be useful at lower frequencies, where it is often
easier or more economic to build the reflection type of phase-shifters. For the price of using
two identical phase-shifters, the more expensive circulator at the output of the modulator can

be avoided.
The phase-shift given by formula (6.20) will become

Vo +
-2 2o (6.22)
\%)

Ar
J 2

and the magnitude of transfer function (6.21) will become:

lvlaug,{v‘I } _ ‘/“COS(‘P“P) _1 (6.23)
\ 2

It can be shown, that the “reverse” transfer function (from port 4 to port 1) will be the same as

the “forward” transfer function:

Arg{v—i} = Arg{v—i} =—Q (6.24)
\) Vy
and
Mag{v—‘_"F =Mag V—1+ =1 (6.25)
\) Vy

6.2.4 Modulator with a single quadrature hybrid working into an arbitrary load
Generator (Input)
YAl t v
(1)
¢ - -0

; 90°\/ 0° A
(4)
vt v,
Load (Output)

Fig. 6.15: Phase and amplitude modulator using single quadrature hybrid
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Using exactly the same techniques as in the previous case of the single Magic Tee

configuration, we can describe the voltages (waves) in the structure by:

Vi = V5 @y =V, Fe (6.26)
V3 = V3 @, = V3 Fpe 72 (6.27)
V=V, T=V;Ge (6.28)

Using the scattering matrix of quadrature hybrid (6.1), we get:

Vi
Vi 1

+
1 0\ M
0 1| V5o,
_ . (6.29)
Vil V2 0 (J) V3D,
j

Vi V;T

O RFRP— O
P O O .

And the final system of equations, describing behaviour of the structure is:

V2V =V @+ V5 @,
J2Vy =V +V, T
J2V5 =V +jv, T
J2Vy = V5 o+ jV5 @,

(6.30abcd)

The solution of the system (6.30abcd) is:

Vl_zvf—q>l+q>2—2q>lq>2r
2+T(Dy— D)
1+ ®,T
2+T(Dy—Dq)
_ 1-®;T
Vs =V1+~/§2+F(®;_®1)
+ D1+Dy
12+ 0(0,- @)

Vo = Vi v2

(6.31abcd)

S

The solution for V, (6.31d) gives the expression for the forward load voltage:

Vi = v — 1+ 0o (6.32)
2+T(Dy—Dy)

As for the first case, the output voltage is a function of the load voltage reflection coefficient,
when the modulator is working into a mismatched load. Use of this type of phase and
amplitude modulator with a fast changing unmatched load is not recommended.
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6.2.5 Modulator with a single quadrature hybrid working with matched load

With the circulator in the load feeder line it can be ensured that the output of the modulator
will be matched for any load condition (I'=0, Fig. 6.16) and simplifications on (6.31abcd)

may be done.

YAl * (A
(1)

¢, -0,

I|| <%; |(2) . 900(3)‘%} <§;_|I|

900 OO VS,

(4)

T\v;o
Circulator

Cavity

Fig. 6.16: Phase and amplitude modulator with single Magic Tee and the circulator

The transfer function (6.32), assuming loss less phase-shifters will then reduce to:

VZ . .q)l+q)2 . e_j(Pl +e_j(P2

6.33
\al 2 2 (6.33)
The argument of the transfer function — the phase modulation will be:
Arg Va |__@1tep T (6.34)
A 2 2
The magnitude of the transfer function — the amplitude modulation will be:
Mag| 4 :‘/1+COS(<P1—(P2) (6.35)
A 2

Results from the formula (6.34) are plotted in Fig. 6.17 and results from the formula (6.35)
are plotted in Fig. 6.18.
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Fig. 6.17: Phase modulation by the phase and amplitude modulator
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Fig. 6.18: Amplitude modulation by the phase and amplitude modulator

6.2.6 Operation of the modulator with g1=¢,

As in the case discussed in the section 6.2.3, if the phase shift of both the phase-shifters is
kept equal (p1=p,=¢), the modulator will act as a transmission type of phase-shifter. The

phase-shift given by formula (6.34) will become:
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Arg

Va|__9te,m_ T (6.36)
Vi 2 2 2

and the magnitude of the transfer function (6.35) will become:

lvlaug,{v‘I } _ ‘/“COS(‘P“P) _1 (6.37)
\ 2

It can be shown, that the “reverse” transfer function (from port 4 to port 1) will be the same as

the “forward” transfer function:

Arg V—i =Arg V—1+ =—0 + = (6.38)
\ \i 2
and
Mag{v—‘_"F =Mag V—1+ =1 (6.39)
\) V4

6.3. Phase and amplitude modulator using two 3dB hybrids

For a “clean” operation of the amplitude and phase modulator, a two-hybrid configuration
with two phase-shifters of transmission type and two RF loads is necessary. The modulator
structure is more complex, but it has some favourable properties in comparison to the single
hybrid structure. As it will be shown in the next chapter, transmission type of phase-shifters
are easier to build for higher frequencies, but operation with double the number of reflection

type phase-shifters is also possible (see paragraphs 6.2.3 and 6.2.6).

Two cases with different types of hybrids and the possibility of operation in different working

modes are analysed.
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6.3.1 Modulator with two Magic Tees working into an arbitrary load

¢,
—V, . «—V
4 _>V3- _>V6+
@)
V+ o 0| VJr
Generator —> Z(1)| &/ a@) 1
(Input) — I ©) Load
V. 0°\ 0° v~ Dummy .
' 2 4| loads Vs A@8)] 0 /\0° | 5(5) Vs (Outpu)
T | HE—— —— I
VAR (VAL V. Z.T
d, T

—V, @ —V,
—> Vz- —> V7+
Fig. 6.19: Phase and amplitude modulator using two Magic Tees

Voltages (waves) in the structure are defined as:

Vi =V7d, = V5 Fye i02 (6.40)
Vi = Vg = Vg Re o (6.41)
Vi =0 (6.42)
Ve =VeT =V Ge VY (6.43)
Ve =V @y = V5 Fe (6.44)
VF =V @, = V5 Fye 192 (6.45)
Vg =0 (6.46)

Using the scattering matrix of Magic Tee (6.2), we obtain the final system of equations:

- +

xl_ (0110 Vi

>l_111 0 0 1|vio,

e _\/E 1 0 0 -1 e (6.473a)
3 0 1 -1 0 6 L1

Vi 0

XE'_ (0 1 10 Vs I

v lTHE L 00 ), (6.48b)
7 0 1 -1 0 2 V2

Vg 0
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The solution of (6.48a) and (6.48b) for the output signal is:

Vg =v1+%(c1>1 +d,) (6.49)

The signal reflected back to the generator:

Vi =vf%rL(q>l +@,) (6.50)
The signal dissipated in the load of hybrid 1:
Vi =v1+%rL(— D7 +<1>§) (6.51)

The signal dissipated in the load of hybrid 2:
_ 1
Vg =V E(CDI ~®;) (6.52)

As we can see from equation (6.49), the modulator output signal is not dependent on the
connected load. This means that the transfer function will be defined only by the controlling
quantities (the phase-shifts of the phase-shifters) at any load condition, and that it will be
stable. The modulator also does not produce any reflection caused by the phase and amplitude
tuning at the input port. The difference between the incident and outgoing power is dissipated
in the load of hybrid 2 (equation (6.52)). Since the modulator is fully reciprocal, the same is

also valid for the reflected signal from the load (cavity).

The argument and phase of the transfer function can be calculated from (6.49):

Argl V5 |- 01t @2 (6.53)
+
V] 2

The magnitude of the transfer function — the amplitude modulation will be:

Mag V5 — 1+COS((P1 B (PZ) (654)
+
Vi 2

Since formula (6.53) is identical to (6.20), and formula (6.54) is identical to (6.21), results are
the same as plotted in Fig. 6.13 and Fig. 6.14.
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6.3.2 Modulator with two quadrature hybrids working into an arbitrary load

¢,

—V, . @ . —V;
—V, ' Ve

QH1T1(3)
Vl+ o o V4+
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VA 0> \/20° v, Z.T,
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<—V2+ «—V T
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Fig. 6.20: Phase and amplitude modulator using two Magic Tees

Voltages (waves) in the structure are defined as:

V5 =V, =V Fe 1?2 (6.55)
Vi =Vid, = V7 e l® (6.56)
Vi =0 (6.57)
Ve =0 (6.58)
Ve = V5 @y = V5 Fpe 192 (6.59)
V7 =Vg @) =V Fe i (6.60)
Vi =Vg T =Vg Ge V" (6.61)

Using the scattering matrix of the quadrature hybrid (6.1), we obtain the final system of

equations:

Vi 0 j 10\ M

V2 :ii 8 8 % Ve ©2 (6.62a)
Vi | V2 AR AV

Vg J 0

Vs 0j1o0 V_Oq)

Ve| 11j 0 o 1]V2®2

> :_i 00 jllVsd (6.620)
Vil 2 b7 (J) 3 O

Vg P ve T
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The solution of (6.62a) and (6.62b) for the output signal:

Vi = 1Vi" 2 (@1 + ;) (6.69)
The signal reflected back to the generator:
— + 1 2
V[ =-Vf ZFL(q)l +Dy) (6.64)

The signal dissipated in the load of hybrid 1:
T |
V4 = —jV1+ZF|_ ((Df —CD%) (665)

The signal dissipated in the load of hybrid 2:
Vs =\ (01~ ) (6.66)

As can be seen from equation (6.63), the output signal of the modulator is not dependent on
the connected load. This means that the transfer function will be defined only by the
controlling quantities (phase-shifts of the phase-shifters) at any load condition, and will be
stable, as it is for the modulator with two Magic Tees. The modulator also does not produce
any reflection caused by the phase and amplitude tuning at the input port. The difference
between the incident and outgoing power is dissipated in the load of hybrid 2 (equation
(6.66)). As the modulator is fully reciprocal, the same also is valid for the reflected signal

from the load (cavity).

The argument and phase of the transfer function can be calculated from (6.63):

Argl VB |- @1t T (6.67)
+
Vi 2 2

The magnitude of the transfer function — the amplitude modulation will be:

Mag V8 — 1+ COS((Pl B (PZ) (668)
+
\A 2

Since formula (6.67) is identical to (6.34), and formula (6.68) is identical to (6.35), the results
are the same as plotted in Fig. 6.17 and Fig. 6.18.
6.4 Transmission controlling capabilities

As calculated, the studied modulators allow independent control of the phase and amplitude

of the passing signal. However, the tuning range of the whole device is related to the
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individual full-scale phase-shift of the phase-shifters. The phase-shifters with a phase tuning
range of 360° would allow total amplitude control from 0 to 100% with simultaneous phase-
shift of £90°, which could compensate any cavity detuning situation assuming enough RF
power provided at the input of the modulator. However, the full amplitude range is only
available if there is a permanent ‘overpower’, even for a tuned cavity. Since for cost reasons
the ‘overpower’ has to be limited, the cavity detuning has to be kept within corresponding
limits. Having phase-shifters with the +60° full-scale phase-tuning range was considered as a
reasonable and affordable compromise. The phase-shift was defined for DC, keeping the
range as high as possible for faster tuning speeds (see chapter 9). Fig. 6.21 shows the phase

and amplitude tuning capabilities for such a modulator.

P ()

80 60 40 20 O 20 40 60 80
¢ () — AgS,] ()
— Mag[S,] (-)

Fig. 6.21: Transmission controlling capabilities of the phase and amplitude tuner from
chapter 6.3.1, phase-shifter’s full scale is +90°

To keep the modulator’s phase tuning capability symmetric, the range of both phase-shifters
should have no mutual offset e.g. both must work from —@maxx t0 +@max. The available
transmission controlling capabilities for the phase and amplitude modulator equipped by the
CERN fast ferrite phase-shifters are plotted in Fig. 6.22. The working point can lie only
inside the region surrounded by the curves. The horizontal width between the branches at a
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given (vertical) amplitude reduction factor shows the remaining available phase-shift of the
modulator. For example no phase shift is available for —6dB amplitude reduction, or for

guaranteed +45° phase shift, only about —0.4dB of amplitude reduction is available.

As will be discussed later in chapter 9, the phase-shift depends on the phase tuning frequency,
hence the three curves in Fig. 6.22 represent the controlling capabilities for DC to 400Hz

(blue), 1kHz (red) and 1.5kHz (green) phase tuning speeds.

O‘\ | | = |

REEANAN A

N N / /

. NN Y

Mag(S,,) (dB)
o

-

AQ,., (°) \ /
+ 60°

ST +45° \/

5 |

60 45 -30  -15 0 15 30 45 60
Arg(Sz) (°)

Fig. 6.22: Available working points for different full-scale differential phase-shift

6.5 Summary of the analysed modulators

Four different types of phase and amplitude modulators have been analyzed in the previous
chapters. A summary of the properties of each structure is given in Table 6.1. As can be seen,
with a matched load the overall properties of the modulators are — except for the fixed n/2

phase offset — the same.

Single hybrid modulators have an output signal that depends on the load reflection factor,
which must be considered when designing the system. If the mismatch of the load is so large
that the additionally induced standing wave dominates the primary wave, the system may
become uncontrollable. This is exactly the case for the superconducting cavity which in the

loading state before a beam arrives, reflects the full incident wave back to the generator. The
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only safe solution is to introduce a small® circulator between the modulator and the cavity,

assuring the modulator always ‘sees’ the matched load.

The single hybrid structure works with the reflective type of phase-shifters, which are in the
domain of lower frequencies. The whole modulator is then quite compact in comparison to the

double hybrid configuration.

Two hybrid modulators are more complex, but have some favourable properties. The output
signal is independent of the output load, so amplitude and phase are only a function of the
controlling quantities (i.e. the phase-shifts of both phase-shifters). The amplitude and/or phase
modulation does not produce any reflections back to the generator. Also the structure uses the
transmission type phase-shifters, which are easier and more reasonable to build at higher

frequencies.

i Phase- Output Output .
Hybrid(s) shifters amplitude* phase* Properties
- Output signal is dependent
) ) 1+ cos(py — @) on the modulator load
MSln_ng[a Re{lectlve V 2 _®:*®2 | Simple structure
agic tee ype 2 - For real application
requires output circulator
- Compact design
- Suitable for lower
Single : 1+ cos(@y — Pty T frequencies .
quadrgture Reflective ‘/ ((291 %) | & ) Amplitude regulation
hybrid type produces a mismatch at the
input port
I\-/II-;vci)c Transmission ‘/m o1+ Output signal is not
t g type 2 2 dependent on the
ees modulator load
Two - . More complex structure
Transmission ‘/ +C0S(@1 = 9p) | Mtz T Requires two dummy loads
quadrature 2 2 2 Ik I f .
hybrids type Bulky at lower frequencies

* for matched output

Table 6.1: Comparison of different phase and amplitude modulator structures

% Small in this context means that the circulator has to handle only the power of one cavity, not the full
transmitter power for the whole group of cavities.

55



High frequency and microwave phase shifting devices

Chapter 7 gives an introduction to phase shifting devices. Reflective and
transmission type phase-shifters are introduced. The parameters and capabilities
of the different structures are compared.

7.1 Introduction to the phase-shifters and basic terms

Phase-shifters are devices permitting controlled variation of the phase of a passing RF signal.
The phase-shift may be controlled either mechanically or electrically. Mechanical phase-
shifters usually use moving plungers, short circuits, rotating dielectric slabs inside the
waveguide or rotating inner conductor of the strip-line type transmission line. Electrically
controlled phase-shifters use changes in the RF material properties (e.g. permeability of the
ferrite material or permittivity of the dielectric material) to control the phase of the RF signal.
Applications of phase-shifting devices are very wide, including phased antenna arrays,
dynamic RF power division, impedance matching, signal modulation, circulators and

isolators, scientific instruments and many others.
Phase-shifters may be classified as:

- single port/two port
- digital/analog

- reciprocal/nonreciprocal

The single port, so called reflective phase-shifters change the phase of the reflection
coefficient I' (equal to the Sy;) at its port. From the principle of operation, the wave is passing
the active part of the single-port device twice (non-resonant types) or multiple times (resonant

types). This brings an advantage of shorter structure in comparison to the two-port devices.

The S matrix (in this case only one dimensional) of an ideal lossless single port phase-shifter

device can be written as:

[s]- [e—j((Po+A(P)] 1)
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where @ is the ‘residual’ or ‘steady’ phase-shift (when the device is not energized) and Ao is

the phase-shift obtained by the tuning.

The negative sign of the exponent in (7.1) means that the wave is delayed by passing the
phase-shifter. A positive value of the A then increases the phase-shift and accordingly the

delay.

The two port phase-shifters — so called transmission type — change the phase of the
propagating wave from one port to the other. Depending on the construction, the phase-shift

may be a reciprocal or nonreciprocal.

The S matrix of an ideal, lossless and reciprocal two port phase-shifter can be written as:

— (90 +A0)
[Sreciprocal]: { e_j((p(3+A(P) © 0 } (7.2)

The S matrix of an ideal, lossless and nonreciprocal two port phase-shifter can be written as:

O e_jq)7
Snon_reci = 7, 7.3
[ non remprocal] [e”’ 0 } (7.3)

where ¢ is the phase-shift for the forward wave (propagating from port 1 to port 2), and ¢’ is
the phase-shift for the reflected wave (propagating from port 2 to port 1). Nonreciprocal
devices are usually designed such that the phase-shift for the reflected wave is much lower

than for the forward one. Then the S matrix may be then written as:

0 1 0 1
[Snon—reciprocal ] = [ e_j(p+ 0} = { e—j((po +A0) O} (7.4)
The meaning of the quantities is the same as for formulas (7.2) and (7.3).

Analog phase-shifters provide a continuous variation of the phase-shift as a function of the
tuning quantity. In contrast digital phase-shifters provide fixed step changes in the phase
variations. Digital phase shifters consist of a number of elements, each providing a fixed

phase-shift, combined in series to obtain a full tuning range.

The conventional figure of merit — FM (°/dB) — describes the performance of the phase-
shifters by relating the maximum phase-shift Apmax and the highest insertion loss I1Lmax Which
is encountered when the phase-shift is varied from zero to A@max

FM = APmax (7.5)
“—max
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7.2 Ferrite phase-shifters

Most linear ferrite devices operate with biasing magnetic fields Hpc either perpendicular or
parallel to the wave propagation direction. These two geometries are called transverse and
longitudinal magnetizations. To simplify the analysis of both of the cases, slightly different

matrices for the [u] tensor are used [62]:

bno—jc 0 po 0 jx
[w]iong=ri| ik R O [u]trans=| 0 mi O (7.6)
0 0 1 -jk 0 n

In the case of longitudinal magnetization, propagation through the (infinite) ferrite medium is

governed by the eigenvalues of [u], respectively pi. =pFx. Then the normalized

propagation factor is
Iy =B—i=‘/sui (7.7)

where the By is the propagation constant in the air Bg = @4/egug -

Phase-shift is then proportional to
1
A¢~Ea;+tj (7.8)

In the case of transverse magnetization, the biasing field Hy may be parallel either to the H or

E vectors of the electromagnetic wave. The normalized propagation constants are
I'=4ey; and T =‘/8ue respectively (7.9)

The effective permeability p, = (Hz G )/p, controls interaction of the ferrite and microwave

signal. Typical curves for the u, and pe, together with the typical operating regions of the
common ferrite devices are shown in Fig. 7.1. o stands for the normalized biasing field o =

Ho/Hres. The meaning of the quantities is explained in the “Used symbols” section.
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Fig. 7.1: Typical curves of the s and g, and operating regions of the common ferrite

devices

Schematic drawings of the different ferrite phase-shifter devices are shown in Fig. 7.2, Fig.
7.3, Fig. 7.4, Fig. 7.5 and Fig. 7.6. Comparison of the parameters for different phase-shifter

configurations is given in the table 7.1.

Ferrite rod

Waveguide

Biasing coil

Fig. 7.2: Reggia-Spencer type of ferrite phase-shifter

59



High CW power, phase and amplitude modulator realized with fast ferrite phase-shifters

e~ Eerrite slab
Hoc l\\ Dielectric slab
S s e < Waveguide

Magnetic circuit

Bias coil
==

Fig. 7.3: H-plane differential phase-shifter

Dielectric loading

Waveguide Ferrite toroid

Fig. 7.4: Waveguide latching phase-shifter
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As we can see from the Table 7.1, several configurations are possible. However, for the high-
power and high phase tuning speed applications, only some of them are suitable. For a lower
average RF power, a two slab waveguide configuration is applicable. But when moving

towards the high average power region, only the coaxial structures are suitable.

Ferrite slabs

Dielectric loading

K Waveguide

" Ferrite magnetic
Bias coils

Fig. 7.5: Two-slab waveguide phase-shifter by Y. Kang

In the Chicago’s Argonne National Laboratory a two-slab design shown in Fig. 7.5 was built
and tested by Kang [63]. The ferrite slabs are placed in a hollow waveguide where the RF
magnetic fields are circularly polarized in the plane orthogonal to the external magnetic bias
field. Using the circularly polarized magnetic fields requires that the orthogonal biased ferrite
slabs be located at around 1/3 and 2/3 of the width in the rectangular waveguide.
Alternatively, a dielectric substrate could be used. The ferrites work below the resonance
point. The phase-shifter is nonreciprocal and offers a phase-shift larger than 40° per 150mm

at 805MHz operating frequency.

For the CERN application, a coaxial type phase-shifter working above the gyromagnetic

resonance was chosen (see Fig. 7.6).
Outer conductor

Bias coils

\
Inner conductor / \ \ Ferrite layer

Magnetic circuit

Fig. 7.6: Strip-line coaxial phase-shifter for high power application
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Coaxial ferrite phase-shifter working above ferrite’s
gyromagnetic resonance

In this chapter a coaxial phase-shifter working above the ferrite’s gyromagnetic
resonance is discussed. The ferrite loaded strip-line structure with its variable
impedance and propagation constant properties is introduced. Use of such a line
in different phase-shifter configurations is shown and various configurations of a
reflection type and transmission type of the phase-shifter are analysed.

8.1 Strip transmission lines

The term strip-line was originally used to describe any planar transmission line based on strip
conductors, including a microstrip line. Its meaning has come in recent years to be more
specific and now it generally refers to a structure having a conducting strip embedded in a
dielectric medium between the two ground planes as shown in Fig. 8.1 (left). In 1936
Wheeler developed a planar transmission line (two coplanar strips), which could be rolled up,
and in 1942 a strip-line like structure [51]. The first use of a “flat strip coaxial transmission
line” was by Rumsey and Jamieson during the second world war [52]. In 1949 Barrett applied
this new structure to printed circuit boards and now strip-line is one of the most popular

transmission line structures [52].

w2 [ 1

7|

N
N
NN

Fig. 8.1: General strip-line structure (left) and a real strip-line with the side walls (right)

The strip-line has very favorable properties for use in the field of high power RF systems. It
has reasonable attenuation and since the whole structure is surrounded by the metallic
shielding, RF radiation out of the line is negligible. When using a hollow internal conductor,
water cooling is easily applicable. Strip-line transmission line is easy to manufacture and

hence cheap.
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For some applications another useful feature is that by rotating the center conductor, the

characteristic impedance of the strip-line can be varied.

8.2 Impedance of the general transmission line

To characterize the general transmission line, the RLCG lumped model is one of the basic

techniques well known from the circuit theory [65].

A transmission line is fully electrically characterized by the distributed resistance R (Ohm/m),
the distributed inductance L (H/m), the distributed capacity C (F/m), the distributed
conductance G (S/m) and the line length | (m) (see Fig. 8.2).

Rdz Ldz

(o, @

Fig. 8.2: The RLCG lumped model of the transmission line

Impedance of the transmission line is:

~v(z,t)  |R+joL

- = 8.1
"79@t YG+joC (8.1)

and the propagation constant as:
y=0a+jp=4(R +joL)(G + joC) (8.2)

where o is the attenuation constant and B is the phase constant. In the case of the loss-less
transmission line, the series resistance and the parallel conductance can be neglected reducing
(8.1) and (8.2) to the form:

_v(z,t) L
i@zt) Ve

B=w JLC (8.4)

0 (8.3)

Propagation velocity in such a line will be:

Vp = (8.5)
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8.3 Impedance of the ideal strip-line transmission line

For the symmetrical strip-line the TEM-mode characteristic impedance is readily found from
the distributed capacitance with the latter determined by conformal mapping techniques [53]
[55]. In the 1950s, Wheeler calculated the impedance of the strip-line with a centered internal

conductor and ground planes extending to infinity [56].

w

+ Q0
% d
4//%

Fig. 8.3: Strip-line structure with infinite ground planes.

The equations are:

2
Z= Z0 Inj 1+ 4(b_,t) 8(b—’t)+J{8(b—,t)} +6.27 (8.6)
27‘5‘/8r W W w

where:
W':W+ATWt (8.7)
aw 1, : 8.8)
bt 1 2+[ 1/4n Jm
2(b—t)/t+1 w/t+1.1
m= 62t (8.9)
3+——
b—t

Nevertheless, formula 8.6 gives results with reasonable precision for only the most commonly
used strip-lines with dimensions t/b varying from 0 to 0.5 and w/b varying from 0.1 to 10.

The impedance then usually lies in the range from 15 to 200 Ohm.
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8.4 Impedance of the shielded strip-line (rectangular coaxial line)

When the strip-line structure is completely closed between the conductive walls (not only the
top and bottom ground planes) it is necessary to correct the formulas for the effect of the
sidewalls at a finite distance from the center conductor [57]. This configuration also brings an
intermediate step between the strip-line structure and the round coaxial line — the shielded

strip-line, or the rectangular coaxial line.

a
W 5

Fig. 8.4: Shielded strip-line structure

Chen [58] calculated the impedance of the shielded strip-line, even for very wide (w/b>>1)

lines like the one used in the phase-shifter device. Hence for the impedance we can write:

z-- (8.10)

Zo 1
J; w/b +2 "

20t cotn ™
1-t/b = U-t/b 2b

With the dimensions of line chosen to be a=180 mm, w=150 mm, b=20 mm, t=11 mm and for
an air filled line with g=1, we obtain Zy=5.41 Ohm. This agrees very well with the result

Z,=5.31 Ohm obtained by the finite element method calculation.

The rectangular coaxial line also offers another advantage. When turning the inner conductor

[59], the impedance of such a line can be varied (Fig. 8.5).

As will be shown later, variable impedance lines are frequently used in phase-shifting

E!

devices.

Z(0°) £(90°) ()

Fig. 8.5:Rotation of the center conductor
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Using the impedance of the line at position Z(0°) and Z(90°) the impedance of the tilted line

can be calculated:

Z(0°) [1+cos(20)]+ Z(90°) [1-cos(26)]

> (8.11)

2(®) =

An example of the impedance changing capabilities for Z(0°)=55 Ohm and Z(90°)=45 Ohm is
shown in Fig. 8.6.

55.0 &

52.5

Z (Ohm)
n
o
o

47.5 A

45.0 T T T T T T T ’\vk

0 10 20 30 40 50 60 70 80 90
e

Fig. 8.6: Impedance variation provided by tilting of the inner conductor

8.5 Impedance of the ferrite loaded strip-line

Since it is difficult, or even impossible, to calculate the electrical parameters of the ferrite
loaded strip-line analytically, as it was done for the previous cases, a different method of the

impedance determination must be used.

An increasing availability of computer resources coupled with a desire to model more
complex electromagnetic problems has resulted in a wave of interest in finite element

methods for solving electromagnetic problems [60].

Upper ferrite layer Center conductor Lower ferrite layer

N I/

[ ——

\ Outer conductor (shielding)

Fig. 8.7: High power, very low impedance, ferrite loaded strip-line structure
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Consider the structure shown in Fig. 8.7. The first step in finite-element analysis is to divide
the geometry into a number of small homogeneous elements. An example of a finite-element
model of the strip-line structure is shown in figure Fig. 8.8. The model contains information
about the device geometry, material constants, excitations and boundary constraints. The
elements can be small where geometric details are important and much larger elsewhere. In
each finite element, a simple (often linear) variation of the field quantity is assumed. The
corners of the elements are called nodes. The goal of the finite-element analysis is to

determine the field quantities at the nodes.

~ NNV NVVVISNSNS S/
SIS

. U A VAVAV

B VAN,
" VSAKIX

Fig. 8.8: Mesh of the finite element model for the structure shown in the Fig. 8.7

Most finite element methods use variational techniques. Variational methods work by
minimizing or maximizing an expression that is known to be stationary about the true
solution. Generally, finite-element analysis techniques solve for the unknown field quantities
by minimizing an energy functional. The energy functional is an expression describing all the
energy associated with the configuration being analyzed. For 3-dimensional, time-harmonic

problems this function may be represented as:
EF = lm(u|H|2 + e’ —‘]_—Ejdv (8.12)
27, Jo

The first two terms in the integrand represent the energy stored in the magnetic and electric

fields and the third term is the energy dissipated (or supplied) by conduction currents.

In order to obtain a unique solution, it is necessary to constrain the values of the field at all
boundary nodes. A major weakness of the finite element method is that it is relatively difficult

to model open configurations (i.e. configurations where the fields are not known at every
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point on a closed boundary). Various techniques such as ballooning and absorbing boundaries

are used in practice to overcome this deficiency.

The major advantage that finite element methods have over other electromagnetic modeling
techniques stems from the fact that the electrical and geometric properties of each element can
be defined independently. This permits the problem to be set up with a large number of small
elements in regions of complex geometry and fewer, larger elements in relatively open
regions. Thus it is possible to model configurations that have complicated geometries and

many arbitrarily shaped dielectric regions in a relatively efficient manner.

8.6 Externally controlled, variable impedance ferrite loaded strip-line

As already mentioned, to control the transmission line parameters, a ferrite material layer is
used. The externally controllable parameter is the permeability of the ferrite material. Since
the inductance of the transmission line (and thus the permeability of the material) appears in
the formulas (8.3) and (8.4) both the characteristic impedance and the phase propagation
constant change. In this sub-chapter the electrical and RF parameters of the strip-line which

are interesting for the study of the phase-shifter are evaluated.

The ferrite material used for CERN’s design is one of AFT’s low loss ferrite garnets [61]. The
ferrite material is biased to operate above the gyromagnetic resonance. Then the material can
be described only by the scalar values of the permeability, significantly simplifying further

analysis. Values of p’' and p" as a function of the bias magnetic field are listed in the Table

8.1 and plotted in the Fig. 8.9 (full table and graphs are in the Appendix A).

B [Gauss] p' u" tan 6
1560 4.43 0.049 0.0111
1600 4.20 0.044 0.0105
1700 3.62 0.031 0.0086
1800 3.09 0.019 0.0061
1900 2.75 0.011 0.0040
1992 2.53 0.0075 0.0030
2100 2.35 0.0058 0.0025
2280 2.12 0.005 0.0024

Table 8.1: Ferrite material permeability as a function of the bias field. Bold items are
measured values, the rest are extrapolated from the measured curve.
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Fig. 8.9: Real part of the permeability as a function of the bias field

The variable impedance line used in the ferrite phase-shifter is sketched in Fig. 8.10. To
define the precise geometry, RF power and voltage handling and thermal considerations must
be taken into account. The peak RF power (voltage) to which the line is exposed determines
its minimal height (sum m and f, line height b, Fig. 8.10). A maximum tolerable power loss
per unit area, and hence the thermal dissipation, determines the minimal area of the ferrite

region (strip width and length, Fig. 8.10).

flmif
b

Fig. 8.10: High power, ferrite loaded strip-line structure

By using the Maxwell 2D code [54], a series of simulations were run in order to obtain the
distributed line parameters as well as the electric and thermal loading for such a line. The
theoretical analysis of the line and its various configurations are valid generally. However as
the phase-shifters will be used in the SPL machine, constraints are placed on the operating

parameters. The following analysis is adapted to the cases applicable to the SPL machine.

The results of the line impedance calculations when varying the internal conductor width (w),

while ferrite thickness is remaining constant, are given in Table 8.2 and plotted in Fig. 8.11.
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w Bpc=1700 Gauss Bpc=2100 Gauss | Rel. change
(mm) | Z©hm) | vic(-) | Z©hm) | wvic(-) | ofB (%)
10 12.33 0.183 11.85 0.191 4.08
20 7.863 0.159 7.418 0.169 6.01
30 5.974 0.153 5.572 0.164 7.21
40 4.655 0.144 4.315 0.155 7.87
50 3.910 0.142 3.607 0.154 8.39
60 3.336 0.139 3.069 0.151 8.71
70 2.895 0.136 2.655 0.148 9.05
80 2.556 0.134 2.339 0.146 9.30
90 2.301 0.133 2.103 0.145 9.41
100 | 2.090 0.132 1.906 0.144 9.63
110 | 1.916 0.131 1.746 0.144 9.71
120 | 1.768 0.130 1.610 0.143 9.81
130 | 1.652 0.131 1.503 0.143 9.94
140 | 1.537 0.130 1.397 0.143 9.99
150 | 1.434 0.129 1.303 0.142 10.12

Table 8.2: Ferrite loaded strip-line impedance variation depending on the width of the
internal conductor (a=180mm, b=20mm, t=8mm, f=1.5mm)
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Fig. 8.11:Impedance variation and relative phase constant change as a function of the strip-
line width.

As can be seen from Fig. 8.11, the highest relative change of the propagation factor (and
hence the phase constant) is available for very low-impedance lines, where the inductance of
the line is dominant. In order to maintain reasonable physical dimensions of the phase-

shifters, at lower frequencies low impedance lines are mostly used. At higher frequencies,
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higher impedance lines provide sufficient phase-shift, lower losses and less sensitivity to the

higher order modes propagating in the strip-line structure.

Three different cases were studied and analysed for the “wide” line, which is suitable at
352MHz. The ferrite layer thickness was changed in three steps 1.5-2-2.5mm and the line
impedance and propagation factor was calculated. Comparison for the different ferrite

thicknesses is shown in the Table 8.3, and detailed results are given in the Appendix B.

t (mm) | £ (mm) Bpc=1700Gauss Bpc=2100Gauss Rel. change
z©ohm) [ vic(-) [ z©hm) | vic() | of B(%)
8 1.5 1.434 0.129 1.303 0.142 10.09
7 2.0 1.786 0.137 1.601 0.153 11.53
6 2.5 2.131 0.143 1.892 0.161 12.68

Table 8.3: impedance variation of the ferrite loaded strip-line depending on the thickness of
the ferrite layer (a=180mm, b=20mm, w=150mm)

B (Gauss)| L (H/m) C (F/m) | Zo (Ohm) | B (rad/m) [ v, (m/s) V,/C
1560 | 4.0660E-08 | 1.8030E-08 | 1.502 59.853 | 36933329 | 0.1231
1700 | 3.7097E-08 | 1.8030E-08 | 1.434 57.170 | 38666311 | 0.1289
1800 | 3.4434E-08 | 1.8030E-08 | 1.382 55.080 | 40133626 | 0.1338
1900 | 3.2690E-08 | 1.8030E-08 | 1.347 53.667 | 41190274 | 0.1373
1992 | 3.1549E-08 | 1.8030E-08 | 1.323 52.722 | 41928501 | 0.1398
2100 | 3.0593E-08 | 1.8030E-08 | 1.303 51.917 | 42578573 | 0.1419
2280 | 2.9391E-08 | 1.8030E-08 | 1.277 50.887 | 43440514 | 0.1448

Table 8.4: Ferrite thickness f=1.5mm, metal conductor thickness m=8mm
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Fig. 8.12: Impedance and propagation factor variation as a function of the bias field,
1.5/8mm structure
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8.7 Reflection coefficient of the shorted line connected to an unmatched port —

coaxial phase-shifter type one

8.7.1 Definition of the terms

Voltage reflection coefficient

«—V
P

ZPORT r ZLOAD

Fig. 8.13: Voltage reflection coefficient definition

The voltage reflection coefficient I" on the transmission line is generally defined using the

voltages of the forward (V") and reflected (V) waves [68] as

= X+ (8.13)

For the single port device, the voltage reflection coefficient I" is equal to the S;; parameter.

If a load is connected to the end of transmission line (or directly to the port), the voltage

reflection coefficient can be evaluated using the transmission line (or port) impedance:

Z -Z
_ Z10AD ~ ZpORT (8.14)
Z oAD *+ ZPORT

Where Zporr is the port impedance and Z, oap is impedance of the connected element.

Voltage reflection coefficient along the transmission line

—L

14 /=0

|

F c R ‘o
[ LOAD

Zy=Z(L) | Z(9)
Zrost IN:F(L) F(f)

O

B, L, Z, Propagation:

—> forward (+)
<«— reflected (-)

Fig. 8.14: Voltage reflection coefficient along the transmission line

74



High CW power, phase and amplitude modulator realized with fast ferrite phase-shifters

As the forward and reflected waves are propagating along the transmission line, the voltage

reflection coefficient is defined at every point on the line as well. Its transformed value is':

B |
ry=Y2_ _ _ Y Bl _p gmioB (8.15)
Var g i Vas

Impedance transformation along the transmission line

The impedance seen at the beginning of a general transmission line, terminated by impedance

Zioap iS:

Z) oaD C0sh (v/) + Zgsinh(yl) 7 Z oaD + Zo tanh(yf)
0Zocosh (1) + Z oapSinh(v0) ° Zg+Z | oap tanh(yt)

Zin=2 (8.16)

where Z is the impedance of the transmission line, Z oap is the termination impedance, vy is

the propagation constant and 7 is length of the transmission line.

For a lossless transmission line, formula (8.16) reduces to:

Z = ZLoAD COS(B) +Zosin(Bl) _ - Zioap +iZotan(Bl) (8.17)

0 , - =27y .
Zgcos(Bl)+ jZoap Sin(BY) Zy+]JZoap tan(ps)

Additionally, the input impedance of the transmission line can be calculated using the voltage

reflection coefficient transformed to the input of the line (¢=L):

1+T(L)
1-T(L)

Zin(L) =ZLINE (8.18)

Input impedance of the shorted line

When the lossless line is terminated by a short circuit (Z 0ap=0) with its reflection coefficient

Z10AD ~ZPORT _ _4 (8.19)

I =T -
L SHORT Z oAD * ZPORT

the reflection coefficient seen at beginning of the line will become:

I(L) = Tgnor & 2P =—e 128t (8.20)

20 1n order to have coherent marking with the literature, the end of the transmission line, where the
load is connected has been assigned position 1=0. Since the transmission line is placed at the left side
of the load, its length L will be a negative number.
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and the impedance transformation formula (8.17) will reduce to:

Z|N = JZO tan(BL) (821)

8.7.2 Analysis of the shorted line connected to an unmatched port

=0

Z o= 0
r=-1

PORT

Fig. 8.15: Simple shorted transmission line connected to an unmatched port

The first type of structure, which may have useful properties for phase-shifter devices, is a
shorted variable impedance line connected to an unmatched input port, shown in the Fig.
8.15. The shorted line connected to the impedance mismatched input port forms a
transmission line resonator. It is obvious, that changes of the electrical parameters of line
(nominal impedance or/and phase constant, length), or the port impedance will have an
impact to the S;; parameter of this structure. If lossless, or low loss line will be used, the
magnitude of Si; will remain unity (or close to unity), but the argument will change. By
mathematical analysis, the sensitivity of the phase change as a function of various structure
parameters may be examined. Then, by choosing specific line and port parameters, the
resulting structure can be optimised to obtain the maximal available phase-shift caused by

changes of the controlling quantity.

In order to obtain a final phase-shift, we have to calculate the reflection coefficient seen by

the device’s input port.

Using the voltage reflection coefficient transformation along the transmission line, we can

calculate the impedance seen at the beginning of the shorted line (inject (8.20) into (8.18)):

2L = Zune 8.22
in(L) = LINE ——T3pC (8.22)

Then (8.14) gives a value of the input reflection coefficient:

ZIN(L) — ZPORT
ZIN(L) + ZPORT

S11=TporT = (8.23)
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(8.22) introduces the length of the actual structure:

1-e J2BL
1+ 1%L -~
1-e J2PL

ZLINE——pa; T ZPORT
1+ 12BL

Z|INE ZpoRT

(8.24)

S11=

and a simplified and rearranged version of (8.24) gives:

_ _ (8.25)
-1+ eJZBL) ZLlNE +(l+ erBL)ZpORT

However, (8.25) still does not contain the externally controlled parameter — the variable
inductance of the transmission line. The distributed inductance and the distributed capacitance
obtained by the finite element method calculation will be applied using (8.3) and (8.4). From

this, we obtain:

(_1+e12|_(1)‘“_ocoj ?—(1+EJZLQ)"LOCO)ZPORT
Sy = | Co (8.26)
[_Heszm,/Loco j\/ﬂ +(1+ej2Lw‘/LOC0)

Co

ZpoRT

Lo in (8.26) is the distributed inductance of the ferrite loaded strip-line, Co its distributed
capacity, L its length, o is the operating frequency and Zport is the impedance of the input

port.

Since the structure has multiple independent parameters, in order to examine the influence of
each parameter, some of them must be held constant and preferably close to the expected
operating values. The following list gives an overview of reasonable values of the parameters

for the RF structure:

Impedance of the ferrite loaded line: 1.2 to 12 Ohm (see the Table 8.2)

- “Port” impedance: 10 to 50 Ohm (see paragraph 8.4)

- Length of the structure: 50 to 100 mm (e.g. thermal loading considerations)

- Operating frequency: is given to be 352, 704 and 1408 MHz respectively (three different

systems)
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Fig. 8.16: A typical curve for argument of the Sy; at different ferrite magnetizations
(fF=352MHz, w=150mm, f=1.5mm, Zporr=200hm)

The characteristic curve for Arg(S;1) for a variable ferrite bias magnetization is shown in the

Fig. 8.16.

However, when developing the phase-shifter device, it is important to consider not only the

absolute value of the Arg(S11), but the stroke of the phase caused by the change of the ferrite

layer bias point. This value will be called the differential phase-shift (DP, or Ag) and can be

obtained using the formula:

DP = Ag = Arg(S11[Bmax])— Arg(S1[Bmin])

(8.27)

Fig. 8.17 shows a typical curve of differential phase-shift as a function of the line length.

In the next paragraphs the sensitivity of the differential phase-shift to the different structure

parameters will be examined further.
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Fig. 8.17: Typical curve for the A¢g as a function of line length

8.7.3 Influence of the transmission line impedance and length on the A¢

An analysis of achievable strip-line impedances was done in chapter 8.6. It was shown that
the highest impedance change and propagation speed change is achievable for transmission
lines where the inductance is dominant i.e. very low impedance lines. Due to the RF power
handling and phase tuning power* requirements, cooling capabilities etc. it is reasonable to
build a variable impedance part with impedances in range about 1.2 to 3 Ohm. The Fig. 8.18
shows a comparison of differential phase-shift for the different impedances of the variable
line at 352MHz and Fig. 8.19 at 704MHz.

The length of the structure is related to a center frequency, where the maximum of the phase-
shift is available. Nevertheless, short structures suffer from bad cooling and long structures
introduce higher RF power losses and significant increase in the phase tuning power needs.

Practically usable values will be below 100mm.

1 phase tuning power = power needed to tune the RF phase (Ao) at a certain tuning frequency e.g. full
scale Ag change with 500Hz repetition frequency
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Fig. 8.18: A for the different impedances of the variable line at 352MHz
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Fig. 8.19: A for the different impedances of the variable line at 704MHz

The use of the discussed type of structure (simple variable impedance line connected to the
unmatched port) at 1408MHz does not bring any substantial advantages and it starts to suffer

from higher order modes inside the structure.

8.7.4. Influence of the port impedance on the d¢

Due to the impedance mismatch between the variable impedance line and the port, a resonator
is formed. From circuit theory it is known, that a higher load impedance is damping the

resonator less, providing a higher circuit Q [66].
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In practice, reasonable values of the feeder line impedance (the “port™) will lie in range of 10

to 50 Ohms. Fig. 8.20 shows the highest available A as a function of the port impedance.

Fig. 8.21 shows an interesting property of such a structure. When the length of the ferrite

loaded line is properly chosen, the A will not be dependent on the port impedance (or only

very little).
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Fig. 8.20: A¢ as a function of the port impedance, f=352MHz
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Fig. 8.21: Ag as a function of the port impedance for certain line length, f=352MHz

8.7.5 Influence of the frequency to the 4¢

The operating frequency is the only imposed parameter. In the present SPL accelerator study

a 352MHz system is used, but in the future, 704 and 1408MHz systems are foreseen.
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However, as was mentioned earlier, the use of the discussed type of structure at 1408MHz is

not optimal. Ao as a function of the frequency is shown in Fig. 8.22.
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Fig. 8.22: Ap as a function of the frequency

8.7.6 Voltage distribution along the phase-shifting structure

Since the phase-shifters discussed in this thesis are foreseen to operate in the high-power RF
system, adequate dimensions of all structures must be chosen to ensure proper operation. The

electric field stress on the structure is analyzed in the next paragraphs.

ZG —_ Vo+ y
D D
z, |V Z,=0
EN Bl ZLINE EL: -1
| |
=L =0

Fig. 8.23:Phase-shifting structure excited by the generator

Because both generator and load may be mismatched, multiple reflections occur on the
transition to the transmission line. The circuit can be analyzed using an infinite series to
represent multiple reflections, or the impedance transformation method. The second method is

easier and more useful for practical applications.

The voltage along the transmission line in the presence of reflections can be written as:

V(z) = Vg (e‘W +T etIB! ) (8.28)
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where Vg is the “driving” voltage. The latter is in fact the voltage passed to the structure

from the mismatched port (the complement of the generator voltage being reflected back to

the generator). Therefore the voltage at the entry of the line is

V(0 = L) = Vy—Zin__ (8.29)
9Zin +24

Zin stands for impedance seen at the beginning of the line, where the generator is connected.

By using (8.28) and (8.29) we can find the value of VJ from the equity at the beginning of

the line (/=L):
VQL:vg(e‘JBL s etift) (8.30)
Zin +Zg
yielding:
Vg =V, Zin L (8.31)

9Zin+24 e PL 1 e"IPL

Injecting it into a (0.28) we obtain:

|4 Bl
V(l) =V, —Zin__ & Pere”

- - 8.32
¥ Zin +Zg e IPL 4 et IPL (632

In the case of the phase-shifter structure, the transmission line is shorted at its end, giving a
I'L'=-1. Then impedance Zi, can be replaced by (8.21) and final formula for the voltage along

the transmission line will simplify into:

V() =V, Z INE tanBL e IBl _gtiBl

' ' 8.33
9 Z|NgtanBL—jZg e IBL _g*IBL (8.33)

As it is more convenient to use the distributed transmission line parameters Lo and C, for the

variable impedance line, (8.33) will become:

Lo
‘/C—Otan(wl— LoCo) e-jmz,/Loco_eﬂwNLoCo

—j(,l)L.JL()CO _ e+ij‘JLOCO

V(0) =V, (8.34)

\/(I;_g tan(coL LoCo )— jZg €
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The design of a phase-shifter is an iterative process, where multiple parameters have to be
chosen as a compromise between the RF performance, phase tuning power requirements,
thermal considerations etc. Once the expected variable impedance line is defined, the voltage

stress analysis can be performed, and eventually all parameters iteratively corrected.

Fig. 8.24 shows the typical voltage distribution along the phase-shifting structure, normalized

to the generator voltage.
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Fig. 8.24: The typical normalised voltage distribution along the phase-shifting structure
(fF=352MHz, L=-82mm, ferrite loaded line with parameters from Table 8.4, Zporr=200hm)

In some applications, phase-shifting devices may operate in so called “full reflection mode”.
This means, the phase-shifter is loaded by the forward wave, propagating from the generator
towards the load, and the wave reflected from the load, propagating towards the generator.
These two waves combine inside the phase-shifter providing in the worst case a double

voltage loading of the strip-line structure.

8.8 Reflection coefficient of the two serially connected transmission lines with

an unmatched port — coaxial phase-shifter type two

The behavior of the ferrite loaded strip-line, shorted at one end and connected to the
impedance mismatched port was analyzed in the previous chapter. However, this kind of
structure is not always the most appropriate solution. As already mentioned, the length of the
ferrite loaded line is a very broad compromise between the RF parameters, phase tuning speed
and the power required to perform this tuning. A single variable impedance line configuration

may not provide the best compromise e.g. the structure must be either too short (problems
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with cooling) or too long (problems with tuning speed) for obtaining a certain desired phase-
shift (see Fig. 8.22).

Inserting an additional transmission line with different electrical parameters may help to
overcome this disadvantage as well as providing other useful characteristics. With this
additional degree of freedom, a better compromise between the structure parameters of the

phase-shifter may be achieved.

3 (=L, /=0
| 1 |
—0 Z
ZPORT ZIN(LZ) ZIN(Ll) ZLOAD: 0
F(LZ) r Ll) = -1

—_O
Line 1:
/£...const.

B,y Z nei---variable

Fig. 8.25:Two serially connected transmission lines and the unmatched port

A mathematical analysis of this case will use the impedance transformation along the
transmission line (8.17). The short circuit, transformed to the start of the line 1 has the

impedance:
Zin(LD) = jZNnEr tan(Brle) (8.35)
The impedance Z;n(L1) is further transformed along line 2:

Zin(Lo) + JZ inE2 tan(Bolo)

Zin(L2) = ZiNE2 . (8.36)
Zne2 +1Zin(L2) tan(BoL o)
obtaining:
Z Z tan(B1Lq) +Z tan(BoL
Zin(Ly) = Ling2 [Zuingr tan(Bila) + Zy ine2 tan(BoLo)] (8.37)
ZiNe2 — Zuiner tan(Bily) Zy inez tan(BoL o)
Injecting (8.14) results in the input reflection coefficient
Zin(Ly)—-Z
Sp1 = ThoRT = IN(L2) = ZpoRT _ (8.38)

Z\N(L2) +ZporT

_ Zuine2liZporT + Ziine2 tan(BoLo) ]+ Z iner tan(Bily) [Z 1 ing2 — iZporT tan(BoLo)]

 Zuine2l- iZporT + ZLing2 BN(BoL2) ]+ Z) e tan(Bil) [Z1 g2 + i ZporT tan(BaL )]
(8.39)
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As in the chapter 8.7.2, the transmission line parameters of line one are defined by the

distributed inductance L, and capacitance Cy, obtaining:

Sy = Zy ine2[iZporT + ZLing2 taN(BoL )]+
Z| \NE2l- 1ZpoRT + ZLiNE2 tan(BoL o) ]+

L -
+ ’C—gtan(o)‘/LoCo Ly)[ZLing2 — iZporT tan(BoL )]
L -
+ ’C—O tan(wy/LoCo L) [ZiNE2 + JZporT tan(B,L2)]
0

(8.40)

where L; and L; are the line lengths, B, is the phase constant of the fixed impedance line and

Z\ ez IS its impedance.

The structure has, as in the previous case, many independent parameters. The idea is to fix
parameters of the variable impedance line to reasonable values giving a good performance
(e.g. high phase-shift stroke, optimal magnetic circuit length, low losses etc.), and “tune” the

rest of the parameters (e.g. center frequency) by the additional transmission line.
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Fig. 8.26: A typical curve for argument of the S;; at different ferrite magnetizations
(f:352MHZ, 2170021.43Ohm, ZPORT:3OOhm)

Fig. 8.26 shows a typical curve of the Arg(Si11) at different ferrite magnetizations, Fig. 8.27
shows the differential phase-shift for the same case. When comparing with the “single line
and port” structure (Fig. 8.16 and Fig. 8.17), we can see that the curves are less steep, and

the peak on the differential phase-shift characteristics is wider. This relaxes requirements on
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the precision of the line lengths and electrical parameters, and gives a certain freedom to

optimize the structure parameters.
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Fig. 8.27:Differential phase-shift as a function of the length L,
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Fig. 8.28: Ag as a function of the line lengths (f=352MHz, Zporr=200hm,
ZL.N51=1.43Ohm@1700Gauss, ZL|N52:30hm)

Fig. 8.28 shows the differential phase-shift as a function of the two transmission-line lengths.

Once the optimal length of the ferrite-loaded structure is calculated, the “working point”
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regarding the required Ae may be adjusted by the length of the fixed line as a second structure

parameter. An example from Fig. 8.28 (the yellow lines) shows such an exercise.

8.9 Ferrite loaded transmission line in the transmission mode — coaxial phase-

shifter type three

The transmission type phase-shifter is a two port device, shifting the phase of the passing
signal while maintaining very low input and output reflection coefficients. The transmission
type of the coaxial phase-shifter is represented for example by the coaxial line fully or
partially filled by the ferrite material. Depending on the bias working point, the fully filled

structures could even be used as coaxial switches.

ZLOAD

Fig. 8.29: Transmission type of phase-shifter
The wave passing through the phase-shifter is delayed by the factor S;; as:
V5 =Sy =V e 1Bt (8.41)

where B is the phase constant of the considered line and L its length. If the ferrite loaded line
Is used, the change of the ferrite permeability is changes the total delay and hence the phase-

shift of such a line.

Similar to the single port devices the differential phase shift is then defined as:

DP = Ag = Arg(S21[Brax]) — Arg(S21[Bnin]) (8.42)
Since

Arg(Sy1)=-BL (8.43)

for Ag we can write:

Ap = LB max — LBemin = Lo(y/Lo[Bmin]Cq —/Lo[Bmax]Cy) (8.44)
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An example of Ag as a function of the structure length and the frequency of the transmission

lines from Table 8.2 is shown in Fig. 8.30.
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Fig. 8.30: A¢ as a function of the structure length and the frequency (considered
transmission lines from Table 8.2)

8.9.1 Impedance mismatch of the transmission type phase-shifter

Since the transmission line parameters (Zne, B) change while the phase-shift is tuned, the
variable line will not be matched for all working points. The voltage reflection coefficient can
be calculated and analyzed in order to minimize the impedance mismatch over the whole
phase tuning range.
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Fig. 8.31: Impedance mismatch caused by the phase tuning

The load impedance, Z,, transformed by the variable impedance line will have a value at the

beginning of the line of:

Zo +jZy e tan(BL)
Z|\NE + 1 Zotan(BL)

ZIN =ZLINE (8.45)
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and the voltage reflection coefficient at the beginning of the line will be:

2 2
Zin-Zo (ZLINE —Zo) tan(BL)

AN P4 (zE,NEJrZ%) tan(BL) — j2ZoZ )N

In=S11= (8.46)

The mismatch (proportional to Mag(Si1)) can be minimized by choosing a suitable electrical
length and impedance of the variable impedance line. For the real system, it is reasonable to
chose Zo=Z, ng[middle range]. Then assuming small variations in the line inductance by

factor x (x is very close to unity):
Ly — xLg (8.47)

the impedance of the line can be replaced by:

Zo = Lo/ Cq = XL/ Cq =X Zg (8.48)
and the electrical length of the line BL can be replaced by:

BL = wLyLoCo — wLy/xLCq = BLVX (8.49)

(8.48) can be then simplified obtaining:

(x —1)sin(BLVX)

(x+1)sin(BLYX) — j2vx cos(BLYX) (8.50)

i1 =

Typical values of Mag(S;;) for the phase-shifter as a function of phase tuning and its

electrical length are shown in Fig. 8.32.
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Fig. 8.32: Typical values of Mag(S11) for the phase-shifter as a function of phase tuning and
its electrical length.

8.10 Thermal load of the phase-shifting structure

The phase-shifters discussed in this work are foreseen to operate at power levels in the range
of several hundred of kilowatts peak, and about one hundred kilowatts r.m.s. power. Hence

not only the electromagnetic stress, but the temperature stress has to be analyzed.

Fig. 8.33 shows the cross-section of the RF strip-line structure. The heat is generated inside
the ferrite region and transferred to the cooling water via the stainless steel wall. A small

fraction of the heat is transported away by the outer conductor to the ambient air.

Water Stainless  Ferrite Air Stainless Ambient
T,  steel steel air T,

Fig. 8.33: Cross-section of the strip-line structure for the thermal calculations
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Since the RF pulses are short compared to the thermal relaxation times of the structure, it
represents a steady state conduction problem with a uniform heat source in one of the sub-

layers [74].
Generally, the steady state temperature distribution inside the ferrite, as a heat source, is
described by the differential equation:

T, 49 o (8.51)

where ¢ is a source term in the equation governing the energy balance (W/m?®) and ks is the

thermal conductivity of the ferrite material (W/mK). The solution of this equation for a

uniform source term is:

12 2 B
To)=—db g X |, T2-hiX, T+l (8.52)
2ke|T L2 2 L 2

where T, and T, are the “boundary” temperatures at both sides of the ferrite layer. Since the
thermal conductivity of the air is much smaller than the one of the stainless steel, a non-

uniform thermal distribution across the ferrite will build up.

Fig. 8.34 shows an example of the temperature distribution across the strip-line structure
(infinite ideal 2D model) as a function of the ferrite layer thickness. For numerical
calculations, the StarCD code was used [75]. The material parameters were set to describe a
common microwave ferrite material and thermal dissipation was set to ¢=18mwW/mm°.
Formula (8.52) shows, that the peak temperature is a linear function of the thermal power loss
and quadratic function of the layer thickness, where the losses are dissipated. These are the

important facts, which must be considered when determining the ferrite layer thickness.
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Fig. 8.34: Temperature distribution across the strip-line structure for same volume heat
dissipation and three different ferrite thicknesses
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Phase tuning speed,
the CERN high power, fast ferrite phase-shifter

Main subject of chapter 9 is the phase tuning speed and optimization of the
structure in order to obtain the best tuning performance. A development of a
particular phase-shifter for the CERN’s SPL application is discussed and
achieved data are shown.

9.1 Phase tuning speed

In previous chapters, different phase and amplitude modulators were shown and different
types of phase-shifters were analysed. What is common for all phase-shifters is the way, in
which the phase is tuned. The variable permeability ferrite region must be properly DC biased
in order to achieve the correct working point and hence low RF losses. The ferrite region must
be also properly penetrated by the tuning magnetic field in order to achieve a good tuning
performance. As the RF structure has to be entirely surrounded by the “RF tight” housing
using a highly conductive material (low RF losses), the penetration efficiency of the variable

tuning field significantly influences the phase tuning speed and hence must be analyzed.

If a conductive material is placed into a variable magnetic field, eddy currents, trying to
compensate the source field, will appear. The phase-shifter eddy currents are directly limiting
the phase-tuning speed. For the application with former LEP2 superconducting cavities, a
sufficient phase tuning speed up to 1kHz is necessary (see paragraph 4.6). As the 704 and
1408MHz cavities are mechanically smaller, the disturbing mechanical modes will have even

higher frequencies.

Materials used in the phase-shifter and their electromagnetic properties are listed in Table 9.1.
All materials, where the skin depth is comparable with its thickness must be examined for
eddy currents influence. Numerous computer simulations using the Maxwell 2D and Maxwell
3D codes [54] were run in order to optimize the phase-shifter structure for highest possible

tuning speed. The Fig. 9.1 shows a 3D model of the phase-shifter, used also for simulations.
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Stainless [ Magnetic Copper | Silver Ferrite NdFeB
steel steel magnet
Relative permeability (-) 1 2000 1 1 10 1
Relative permittivity (-) 1 1 1 1 14 1
Conductivity (S/m) 1.1x10° - 5.8x10" | 6.1x10" | 1x10? |6.25x10°
Thermal conductivit
WITI) y 15 45 400 427 3.5 -
Magnetic retentivity B,(T) - - - - - Otol.2
Skin depth at 50Hz (mm) 67.9 - 9.3 9.1 - 90.0
Skin depth at 500Hz (mm) 21.5 - 3.0 2.9 - 28.5
Skin depth at 2kHz (mm) 10.7 - 1.5 1.4 - 14.2
Skin depth at 352MHz (um)| 25.6 - 3.5 3.4 - n/a

Table 9.1: Electromagnetic properties of the phase-shifter’s materials

i

Fig. 9.1: 3D model of the CERN fast ferrite phase-shifter. Legend: blue — magnetic circuit,
red — coils, yellow — permanent magnets, brown — ferrites, grey — strip-line metallic structure.
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In order to minimize the eddy currents, the inner and outer conductor of the strip-line
structure is slotted. The number of slots, and their position was optimized by computer
simulations for the best compromise between the electrical performance and the
manufacturing effort. As the tuning frequency is rising, less and less of the magnetic field is
penetrating into the ferrite region and the distribution of the magnetic field is not uniform.
The nominal tuning field stroke was chosen to be +200 Gauss. Its field distribution as a
function of tuning frequency in 5mm slices is shown in Fig. 9.2, Fig. 9.3, Fig. 9.4, and Fig.
9.5.
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Fig. 9.2: Tuning field for 1I=2x200A, f=50Hz
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Fig. 9.3: Tuning field for I=2x200A, f=500Hz
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Fig. 9.4: Tuning field for I=2x200A, f=2kHz

BT

E 0000e-002
28966e-002
[ | g
27931e-002
[ |
268976-002 .
B esezenn: I
[ | .

2.4828e-002
2.3793e-002
2.275%-002
21724e-002
2.0890e-002
1.9655e-002
1.8621e-002
T586e-002

6552e-002
5517e-002
4493e-002
3448e-002
34148-002
1.1379e-002

1.0346e-002
I 3000
[ 2rssen)

7.2414e-003
[ |

£.20606-003
[ |

5.17248-003
[ | g

4.1379e-003
[

310346-003
o

2.0690e-003
[ | g

1.0345e-003
| Ry
| .

1
1
1
1
1
1

Fig. 9.5: Bias field for 1=2x200A, f=2kHz

At 50Hz (see Fig. 9.2), the field reaches the nominal value and is uniform over whole
structure. At 500Hz (Fig. 9.3), the field starts to be deformed, but it is still quite uniform with
mean value of approx 170 Gauss, still giving almost full phase-tuning stroke. At 2kHz the
field penetration is much degraded (Fig. 9.4, Fig. 9.5), with mean value slightly above +60
Gauss, and very non-uniform giving significantly reduced phase-tuning stroke.

A special structure with interlaced slots was developed to minimize the eddy currents
influence, but it has not yet been implemented in the first prototype phase-shifters, which
have been built. The magnetic field distribution at 2kHz tuning frequency is shown in Fig.

9.6. In the simulations the new structure is promising almost full tuning range, even at 2kHz,
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where the original structure has nearly no phase-shift available. However, the interlaced

structure is more difficult to build and hence it will be more expensive.

The measured phase-tuning frequency response of the realised device is shown in Fig. 9.10.
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Fig. 9.6: Bias field for 1=2x200A, f=2kHz, a specially optimized structure

9.2 Power requirements for phase tuning

Another important parameter, characterizing the phase-shifter device is the power needed to
tune the phase. The magnetic circuit of the phase-shifter is using a special magnetically soft
transformer steel, capable to work at higher frequencies (~kHz). The DC bias point of the
ferrites is set by permanent magnets to 2000 Gauss. Some experiments with the ferrite
magnets were done, but their low magnetic retentivity (below 3kGauss) makes the magnetic
circuit very bulky, and NdFeB magnets were finally used. However, the NdFeB magnets are
quite conductive at the expected tuning frequencies (see Table 9.1), so their shape must be

optimized to suppress the eddy currents and hence the self-heating effects.

The variable tuning field is produced by a pair of coils. By numerical simulations a total
current of 2x200A was found to produce the required tuning field of +200 Gauss. From the
same simulation the total stored energy in the system can be found and the power
requirements for the phase tuning can be estimated. Using an iterative process, the magnetic
circuit, or even the RF structure can be optimized in order to lower the magnetic stored energy

to a reasonable value.
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Fig. 9.7: Impedance of the tuning coil as a function of frequency

The power requirements for the phase tuning, when the phase-shifter is supplied by the ideal
sinusoidal current source of l,ea=12A are calculated in the Table 9.2. Upeax Stands for the peak
voltage of the current source, Psypiy 1S the power delivered to the structure and Piggses IS the
power dissipated in the loss resistance of the equivalent circuit (in fact it represents the losses
in coils, magnetic circuit and losses caused by the eddy currents in the structure). In the low
frequency region, the DC losses of the coil are dominating, and only very little power is
needed to tune the phase. For the high frequencies the eddy current losses are dominant and a
significant part of the delivered power is dissipated in the structure.

f (HZ) I—s (mH) Rs (Ohm) Upeak (V) IDsupply (W) IDIosses (W)
1 2.085 0.181 2.2 15.9 15.9
50 2.085 0.181 8.1 37 15.5
100 2.074 0.252 15.8 70 22
200 2.015 0.492 30.8 136 43.4
500 1.792 1.661 70.4 322 146.6
1000 1.492 3.671 120.6 576 323
2000 1.184 6.567 194.7 952 578

Table 9.2: The phase tuning power requirements

If the structure will be supplied by a four-quadrant power supply, the operation of the phase-

shifter will be energy efficient, because the energy stored in the magnetic circuit can be
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recuperated back to the power supply and reused. For tests, the Copley Controls Model 220

[76] switching amplifier, capable of delivering £75V/12A in four-quadrant mode was used.

9.3 Technical specifications of the CERN fast ferrite phase-shifter

In collaboration with company AFT, two prototypes of the fast ferrite phase-shifters have
been developed and built. Basic required technical parameters of the phase-shifters are listed
in the Table 9.3.

Parameter Required value Measured value

Mode of operation Reflective resonant type

Peak power >125kW, full reflection tolerant  |High power tested at

R.m.s. power >30kW (25% duty cycle) 400MHz/240kW peak

RF Pulse repetition freq. 50Hz power, 60kW r.m.s. OK

Insertion loss <0.1dB 0.15dB

RF operation frequency 352MHz

Diff. phase-shift range >90° >125°

Tuning speed >1kHz for 70% of full scale 75.% of full scale phase-
phaseshift shift at 1kHz

Table 9.3: Technical parameters of the CERN SPL phase-shifter
The actually achieved RF and tuning parameters of the built prototypes are shown in
- Fig. 9.8 —the attenuation as function of frequency and tuning current
- Fig. 9.9 — differential phase-shift as function of the tuning current
- Fig. 9.10 - Phase tuning frequency response, normalized to the DC full-scale value

Since the power supply (switching amplifier) output voltage is limited to +75V, the frequency
response was measured with the peak current of 5A, assuring the amplifier was operating in

the linear mode.
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Fig. 9.8: Attenuation as function of frequency and tuning current
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First results with the phase and amplitude modulator that
has been built

A complete unit of phase and amplifier modulator was built and tested in order to prove the
theoretical principles calculated in the chapters 6 and 8. The measured transmission
coefficient of the modulator shown in Fig. 6.13 as a function of the tuning currents is shown
in Fig. 10.1.

Fig. 10.1: Measured transmission function controlling capabilities of the modulator

As the phase of the phase-shifter is not exactly a linear function of the tuning current (see Fig.
9.9), the curves are slightly bended. In order to achieve a higher amplitude reduction, a
permanent offset of about 20° was installed in series with the phase-shifter number two, as
can be seen from the shifted system of transmission curves in Fig. 10.1.
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Conclusions and outcomes from the dissertation thesis

RF and microwave technology is a crucial part of any particle accelerator, because the
acceleration itself and many other operations on the particle beam are carried out using RF
fields. This present work is dedicated to the high power microwave technology used for
particle acceleration. As an introduction to particle accelerator technology, a summary of the
fundamentals of microwave technology used in particle accelerators has been presented, with

particular focus on microwave cavity resonators.

A technique to determine the fields inside cavities (small perturbation theory) was described.
In addition a method to calculate the change in resonant frequency caused by a mechanical
deformation of the cavity (Slater’s theorem) was shown. Also, a brief introduction to the
properties and behaviour of superconducting cavities was given, focusing on the Lorentz force

detuning phenomenon (section 4.1).

For classical accelerators, working with CW signals, the Lorentz force detuning is static and
compensated by the tuning system. The proposed SPL accelerator will use superconducting
cavities in pulsed mode. However, pulsed operation of the superconducting cavities, as only

recently considered, results in dynamic detuning effects.

Each cavity with its ancillary equipment is also a mechanical resonator and the Lorentz forces
linked to the pulsed RF fields will excite the mechanical modes of this object. The excited
amplitudes may become large when a multiple of the pulsing frequency is close to a
mechanical resonance. A vector-sum feedback system (Fig. 4.7) will add the voltages from all
the cavities fed by one transmitter, resulting in a signal which is equivalent to what the beam
sees from this group of cavities. This signal is fed back to the transmitter to stabilise the total
field. If there is more than one cavity connected to the transmitter, the system is not
completely defined. The vector-sum feedback stabilises only the sum of the voltage, but not

the voltage in each individual cavity.

For low excitation the practically identical cavities behave identically and the cavity voltages

are equally distributed between the cavities. However as discovered by Tuckmantel [33],
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above a certain threshold, this is no longer the case. The cavities can behave differently, some
delivering more voltage, some less. A mathematical analysis [34] has shown that this is a real
effect and not a simulation artefact. To avoid this problem, control of each individual cavity
voltage is necessary. A solution, to control the phase and amplitude of the incident wave for
each cavity, was proposed by Frischholz [35]. A more detailed description of his proposal is

given in section 4.6.

A cost-effective way to supply several cavities by one transmitter while keeping the
possibility of controlling the field in each individual cavity is by introducing a fast phase and
amplitude modulator — also called a “Transmission Controlling Device” — into each cavity
feeder line. This device is capable of simultaneously controlling the phase and amplitude of
the passing wave. In this way the modulator will compensate the individual deviations of each
cavity in order to equalize their behaviour for the main control loop, which will compensate

the average detuning of whole system.
Four different types of phase and amplitude modulators have been analyzed in chapter 6:

1. Modulator using a single 180° hybrid and reflective type phase-shifters (section 6.2.1)
2. Modulator using a single quadrature hybrid and reflective type phase-shifters (section
6.2.5)
3. Modulator using two 180° hybrids and transmission type phase-shifters (section 6.3.1)
4. Modulator using two quadrature hybrids and transmission type phase-shifters (section
6.3.2)
A summary of the properties of each structure is given in Table 6.1. With a matched load the
overall properties of the modulators are — except for the fixed n/2 phase offset — the same
(equations (6.20), (6.21) for case 1, equations (6.34), (6.35) for case 2, equations (6.53),
(6.54) for case 3 and equations (6.67), (6.68) for case 4).

Single hybrid modulators have an output signal that depends on the load reflection factor,
which must be considered when designing the system. If the mismatch of the load is so large
that the additionally induced standing wave dominates the primary wave, the system may
become uncontrollable. This is exactly the case for the superconducting cavity, which in the
loading state before a beam arrives reflects the full incident wave back to the generator. The
only safe solution is to introduce a circulator between the modulator and the cavity, assuring

the modulator always ‘sees’ the matched load.
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The single hybrid structure works with the reflective type of phase-shifters, which are in the
domain of lower frequencies. The whole modulator is then quite compact in comparison to the

double hybrid configuration.

Two hybrid modulator structures are more complex, but have some favourable properties. The
output signal is independent of the output load, so amplitude and phase are only a function of
the controlling quantities (i.e. the phase-shifts of both phase-shifters). The amplitude and/or
phase modulation do not produce any reflections back to the generator. Also the structure uses
the transmission type of phase-shifters, which are easier and more economic to build for
higher frequencies.

A comparison of different types of ferrite phase-shifters and their properties is given in Table
7.1. However, for the high power and high phase tuning speed applications, only some of
them are suitable. For lower average RF power, a two-slab waveguide configuration is
applicable (Y. Kang [63]). However when moving towards the high average power region,
only the coaxial structures are suitable. For the CERN application, a coaxial type phase-shifter

working above the ferrite’s gyromagnetic resonance was chosen (see Fig. 7.6).

The ferrite loaded strip-line structure with its variable electrical parameters is introduced in
chapter 8. The parameters of such a transmission line (with focus on the variable impedance
and propagation constant) have been evaluated for various geometries. Use of such a line in
different phase-shifter configurations is shown for the reflection type and transmission type of

the phase-shifter.

The behavior of the variable impedance line, represented by the ferrite loaded strip-line,
shorted at one end and connected to the impedance mismatched port, is analyzed in section
8.7.2. In sections 8.7.3, 8.7.4 and 8.7.5 a differential phase-shift as a function of structural
parameters was examined. Section 8.7.6 was devoted to the analysis of the electric field
loading of such a structure in order to ensure proper operation without RF breakdown.

The constraints of the ferrite loaded strip-line structure are a very broad compromise between
the RF parameters, phase tuning speed and the power required to perform this tuning. A
simple variable impedance line configuration is not necessarily always the most appropriate

solution, so another configuration with a second transmission line was also analyzed.

Inserting an additional transmission line with different electrical parameters (fixed line) may
help to overcome disadvantages of the simple line phase-shifter, as well as providing other

useful characteristics. With this additional degree of freedom, a better compromise between
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the structure parameters of the phase-shifter may be achieved; this has been shown in section
8.8.

The transmission type of coaxial phase-shifter represented by the ferrite loaded strip-line
working in the transmission mode is analysed in section 8.9. The differential phase-shift and

the impedance mismatch caused by the phase tuning have been calculated.

Finally, an introduction to the problem of thermal loading of the ferrite loaded strip-line was
presented in section 8.10. An analytical form of the equation describing the temperature
distribution has been derived and computer simulations with real structure parameters have

been performed.

The CERN fast ferrite phase-shifter is introduced in chapter 9. Aspects regarding the phase

tuning speed and the power needed to perform this tuning are explained.

The phase tuning speed, as a parameter of the phase-shifter is discussed in chapter 9. It has
been shown that the variable permeability ferrite region of the phase-shifter must be properly
DC biased in order to achieve the correct working point and hence low RF losses. The ferrite
region must also be properly penetrated by the tuning magnetic field in order to achieve a
good tuning performance. As the RF structure has to be entirely surrounded by the “RF tight”
housing using a highly conductive material, the penetration quality and efficiency of the
variable tuning field is strongly influenced by the eddy currents in the strip-line structure and

the magnetic circuit.

In order to minimize the eddy currents, the inner and outer conductor of the strip-line
structure is slotted. The number of slots, and their position was optimized by computer
simulations for the best compromise between the electrical performance and the
manufacturing effort. As the tuning frequency increases, less and less of the magnetic field
penetrates into the ferrite region and the distribution of the magnetic field is not uniform. The
tuning field distribution as a function of tuning frequency is shown in Fig. 9.2, Fig. 9.3, Fig.
9.4 and Fig. 9.5. The variable tuning field is produced by a pair of coils. By numerical
simulations a total current of 2x200A was found to produce the required tuning field of £200
Gauss. From the same simulation the total stored energy in the system was found and the
power requirements for the phase tuning were estimated. The power requirements for the
phase tuning, when the phase-shifter is supplied by the ideal sinusoidal current source of
loeak=12A are calculated in the Table 9.2. In the low frequency region, the DC losses of the

coil dominate, and only very little power is needed to tune the phase. For high frequencies the
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eddy current losses are dominant and a significant part of the delivered power is dissipated in

the structure.

Two prototype phase-shifters were constructed. Their measured RF and tuning parameters are
presented in Fig 9.8, Fig 9.9, and Fig 9.10. The low level and high power tests proved that
both of the phase-shifters that were built fulfil the required specifications listed in Table 9.3.
The measurements show that there is still about 75% of full-scale phase-shift available at

1kHz tuning frequency.

A complete unit of the phase and amplitude modulator shown in Fig. 6.13 has been built and
tested in order to prove the theoretical principles analysed in chapters 6 and 8. The measured
transmission coefficient of the modulator as a function of the tuning currents is shown in Fig.
10.1. In order to achieve a higher amplitude reduction, a permanent offset of about 20° was
installed in series with the phase-shifter number two, as can be seen from the shifted system

of transmission curves in Fig. 10.1.

Outcomes of this thesis:

- A proposal for a system to drive several superconducting cavities by a single large
transmitter while keeping control of amplitude and phase of the field in all individual
cavities. This is a financially competitive alternative to the classical system of “one cavity

per transmitter”.

- The necessary technical solution for compensation of dynamic detuning effects in
superconducting cavities due to high internal electromagnetic fields (Lorentz force
detuning) by a transmission controlling device using RF hybrids and fast ferrite phase-

shifters.

- The mathematical analysis, design and optimization of adequate fast ferrite phase-shifters
for a high power RF application, controlled by limited ferrite biasing power.

Original results:

- Based on [35] a proposal of the required transmission controlling device allowing
separate control of the field in each individual cavity when all cavities are powered by

one transmitter.
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Mathematical analysis and detailed study of different types of phase and power
modulators, which can be used under the specific conditions of high power accelerator RF

system.

Analysis of the phase and power modulator’s behaviour when working with a fully

reflective load represented by a superconducting cavity resonator.

Detailed study and mathematical analysis of different types of phase-shifting structures

suitable for use in such a system, both reflection and transmission types.

Design and optimization of the phase-shifter’s structure with respect to eddy currents.
Minimization of their effects in order to obtain high tuning speeds with only limited

ferrite biasing power.

Development and optimization of a special slotted structure lowering the eddy current

effects that are present in the phase-shifter device.

Benefits of the work:

The proposed, analysed, designed and built device will allow the feeding of several

superconducting cavities by a more economical single large transmitter while keeping

individual control of field amplitudes and phases of all cavities. The phase and amplitude

modulator will allow compensation of the dynamic detuning effects of the superconducting

cavity resonators caused by the high internal electromagnetic fields.

CERN is the first laboratory world-wide where such a device was designed and built. It will

be tested in a real RF accelerator system with a superconducting cavity in the coming months.

Apart of scientific accelerators, phase-shifter devices are interesting for other high power RF

applications such as:

Fast impedance matching systems for nuclear fusion reactors.
Medical accelerators for cancer treatment
Tuning and matching devices for industrial microwave heating systems.

Plasma applications.
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Theses for future work:

- Detailed analysis of the dynamic performance of a system equipped with the transmission

controlling devices.

- Analysis of the stability of a full system equipped by one transmitter and multiple (4 or 8)

superconducting cavities working in the pulsed mode.

- Implementation of the feed-forward algorithms in order to shorten the field stabilisation

time in the cavity.

- Further improvements in the phase-tuning performance (speed, lowering the power

needs).
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Appendix A

The ferrite material parameters

B [Gauss] u' [T tan 6
1560 4.43 0.049 0.0111
1600 4.20 0.044 0.0105
1700 3.62 0.031 0.0086
1800 3.09 0.019 0.0061
1900 2.75 0.011 0.0040
1992 2.53 0.0075 0.0030
2100 2.35 0.0058 0.0025
2280 2.12 0.005 0.0024

Table A.1: Ferrite material permeability as a function of the bias field
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Fig. A.1: Real part of the permeability as a function of the bias field
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Fig. A.2: Imaginary part of the ferrite permeability as a function of the bias field




Appendix B

Calculated transmission line parameters for the ferrite
loaded line

Fixed dimensions of the strip-line transmission line are w=150mm, b=20mm, a=180mm. The

changing parameters are the thickness of the ferrite layer and the central conductor, as noted

under each of the tables.

B (Gauss)| L (H/m) C (F/m) Z, (Ohm) [ B (rad/m) v, (m/s) v,/c
1560 4.0660E-08 | 1.8030E-08 [ 1.502 59.853 36933329 0.1231
1700 3.7097E-08 | 1.8030E-08 | 1.434 57.170 38666311 0.1289
1800 3.4434E-08 | 1.8030E-08 [ 1.382 55.080 40133626 0.1338
1900 3.2690E-08 | 1.8030E-08 [ 1.347 53.667 41190274 0.1373
1992 3.1549E-08 | 1.8030E-08 [ 1.323 52.722 41928501 0.1398
2100 3.0593E-08 | 1.8030E-08 [ 1.303 51.917 42578573 0.1419
2280 2.9391E-08 | 1.8030E-08 1.277 50.887 43440514 0.1448

Table B.1: Ferrite thickness f=1.5mm, metal conductor thickness m=8mm

B (Gauss)| L (H/m) C (F/m) Z, (Ohm) [ B (rad/m) v, (m/s) v,/c
1560 4.8632E-08 | 1.3625E-08 [ 1.889 56.903 38848180 0.1295
1700 4.3444E-08 | 1.3625E-08 | 1.786 53.782 41102368 0.1370
1800 3.9936E-08 | 1.3625E-08 [ 1.712 51.565 42869603 0.1429
1900 3.7652E-08 | 1.3625E-08 [ 1.662 50.069 44150713 0.1472
1992 3.6154E-08 | 1.3625E-08 [ 1.629 49.062 45056097 0.1502
2100 3.4919E-08 | 1.3625E-08 | 1.601 48.217 45845936 0.1528
2280 3.3324E-08 | 1.3625E-08 | 1.564 47.103 46930284 0.1564

Table B.2:Ferrite thickness f=2.0mm, metal conductor thickness m=7mm




B (Gauss)| L (H/m) C (F/m) | Zo (Ohm) | B (rad/m) | v, (m/s) vplc
1560 5.6151E-08 | 1.0957E-08 2.264 54.831 40315813 0.1344
1700 4.9769E-08 | 1.0957E-08 2.131 51.621 42822766 0.1427
1800 4.5453E-08 | 1.0957E-08 2.037 49.332 44809788 0.1494
1900 4.2610E-08 | 1.0957E-08 1.972 47.764 46280538 0.1543
1992 4.0755E-08 | 1.0957E-08 1.929 46.713 47322069 0.1577
2100 3.9222E-08 | 1.0957E-08 1.892 45.826 48238001 0.1608
2280 3.7241E-08 | 1.0957E-08 1.844 44 .654 49504366 0.1650

Table B.3:Ferrite thickness f=2.5mm, metal conductor thickness m=6mm
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Appendix C

The rectangular resonant cavity

The TMmunp modes

From [16] we can write the following phasors of the field components for TMmn, modes:

Ex(X,y,2) = _hiz(?j( pdnj Eo cos(m?xjsm[ nbn yjsin(%zj (C.13)
Ey(X,y,2) = —hiz(—j( on sm[ jcos( jsm(%zj (C.14)
E,(X,y,2) = Eosm(—xjsm( j ( j (C.15)

Hy (X,y,2) = J;)S( onsm( j ( jcos(qzj (C.16)
Hy(X,y,2) =- J:);(m oncos(m?xjsm(nJ yjcos(%zj (C.17)

where

2 2
h? = (ﬂj +(”—“j (C.18)
a b
As for the rectangular waveguides, the integer numbers m, n and p define the number of half-

wave variations of the field in the x, y and z direction.

A resonant frequency of the rectangular resonator is defined by the formula:

S NE
mnp = rdie 3 b q (C.19)

The TEmnp modes

From [14] we can write the phasors of the field components for TEn, modes:
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Ex(X,y,2) = Jou (—)HO cos(mxjsin(ﬂy)sin(p—nzj (C.20)
h2 Ub a b

d
o APl
Hy (X,y,2) = _hiZ(Tj( pd“j Ho sm(?xj cos(n—bn yj cos(% zj (C.22)
o AT )
H(x,y,2) =Hg COS(?XJCOS(%Tyjsin(%z] (C.24)

The value of h? is given by C.18. The resonant frequency is defined by the same formula C.19

as for the TMpnp, modes.

From the formulas C.13 to C.17 it can be shown, that for the TMmus, modes neither m nor n
can be zero, but p can be zero. Then the lowest order TM mode possible will be TMj3. From
the formulas C.20 to C.24 it can be shown that for the TEm,, modes either m or n (but not
both m and n) can be zero, but p cannot be zero. So lowest order TE mode possible will be the
TEj01 or the TEo1.




Appendix D

The cylindrical resonant cavity

The TEn modes

For the field phasors of the TEn, modes in the cylindrical resonant cavities we can write [17]:

1% Prmn (p’mnrj (lnzj
H =-A J cos(md)cos| — D.36
r mn d a m a ( (1)) d ( )
Ir m p'mnrj . (lnzj
Hy =A J sin(m¢ )cos| — D.37
[0} mn dr m( a ( ¢) d ( )
AT mn' Inz
H, = —Amn(pm“j Jm(pﬂ)cos(mq))sin(—] (D.38)
a a d
E, = —jpoAm ﬂJm(pm”rjsin(md))cos(mTzJ (D.39)
r a
Eg = —in oAy 200 J}n(pm”r]cos(md))sin(h—zJ (D.40)
a a d
E, =0 (D.41)

Where, the Am, IS excitation constant for TEn,, mode. The propagation constant for the TEq,

mode is

, 2
an — kZ_(pmnj

a

(D.42)

The J,(x) is the Bessel function of the first kind of the m-th order. Ji,,(x) is the first
derivative of J,(x) with respect to its argument x. Values of the coefficients pj,,for the

TEmn modes and the coefficients py,, for the TMp, modes are given in the table D.1.

m plml plmz plm3

0] 3.832 7.016 | 10.174
1| 1.841 5.331 8.536
2| 3.054 6.706 9.970

Table D.1: Roots of Bessel functions J’r, (left) and Jy, (right)

m Pm1 Pm2 Pm3

0| 2405 5.520 8.654
1| 3.382 7.016 | 10.174
2| 5.135 8.417 11.620




The resonant frequency of the TEm, mode in the cylindric cavity is:

2 2
_ c Pimn In
fmnu——27t o ‘/(—a ] +[—d] (D.43)

It can be shown that for the TEy, modes m might have a value of 0, 1, 2... (order of the

Bessel function), n might have a value of 1, 2, 3... (roots of the Bessel functions). For the TE
modes, | cannot be a zero. Then the lowest possible TE mode will have an indices 011, but the
lowest cutoff frequency belongs to the TE;;3 mode. A mode chart for a circular cylindrical

cavity is given at figure D.8.
The TMyn modes

Continuing from [15], phasors of the field components of the TMmyn, modes in the cylindrical

resonant cavities are:

H, = jwean?%(p';“r]sin(m@cos(mf] (D.44)
. |
Hy = —j(DSan(p':n jJ’m(p’;“rjcos(m@cos(%zj (D.45)
I (]
E,=-Bmn Fﬂ(pg‘” jJ’rn(p’;“rjcos(mq))sm(%zj (D.46)
3 Ir m Pmnl ) Iz
Ey =Bmn - Jm[ n jsm(md))sm[ - j (D.47)
E,=B [pﬂJZJ [Mjcos(md))cos[ln—zj (D.48)
Z — =mn a m a d '

Where, the By, is excitation constant for TMy,, mode. The propagation constant for the TMy,

mode is

2
Bmn = "kz —(%j (D.49)

The resonant frequency of the TMpm, mode in the cylindric cavity is:

2 2
__¢ Pmn | (I
=iy (22 () o

Xi



For the TMpmy modes m might have the values 0, 1, 2... (order of the Bessel function), n
might be 1, 2, 3... (roots of the Bessel functions). In contrast to the TE modes, | can be a zero.
The lowest possible TM mode will be then TMgs (See the mode chart Fig. D.1).

15 x 108

10 x 10®

(2af1?, (MHz?)lcm?)

TMoio

5 x 10% —

(2a/d)?

Fig. D.1: Mode chart of a circular cylindrical cavity (courtesy of [13])

The TMopo mode has very favorable properties for the particle acceleration purposes.
Consequently in accelerators this mode is nearly exclusively used. In a pure pill-box cavity,

there are only two field components of the TMg;0 mode inside the cavity:

E, =E, J0(2'4O5 rj (D.51)
Ey . (2.405

Hy =— J r D.52

o JZO 1( " j (D.52)

A cavity with rounded shape has an E, component in the TMoy like mode. Since mode
number 1=0, the resonant frequency given by D.50 is independent of the longitudinal
dimensions of the resonant cavity. It is not possible to tune such a cylindrical resonator by
changing its length. A cavity operating with the TMg;0 mode can be tuned by introducing an

obstacle into the cavity (small conductive or dielectric entity).
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Fig. D.2: Q for circular cylindrical cavity modes (courtesy of [13])
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Appendix E

Photos of the phase-shifter that has been built

Fig. E.2: The phase shifter strip-line structure with the magnetic circuit
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Fig. E.3: Completely assembled phase-shifter connected to the Magic Tee, including the
water cooling system, arc detectors and all necessary cabling
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Appendix F

Photos of the phase and power modulator that has been
built

Fig. F.1: Low level tests of the fully assembled phase and power modulator from Fig. 6.13
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Fig. F.2: High power tests of the modulator, using 300kW/400MHz LHC klystron and a
sliding waveguide short circuit as a load.
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Appendix G

Measured transmission controlling capabilities

12

Fig. G.1: Measured transmission controlling capabilities
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